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ABSTRACT

MOLECULAR STUDIES OF RESTRICTION GENES IN ENTERIC BACTERIA

by
Obed B. Rutebuka

Bacterial cells contain various restriction-modification (R-M) systems to protect
themselves from incoming foreign DNA. Most bacteria have at least one such system. In
this study, the restriction genes and the location of the genes on the chromosome were
examined in three enteric bacteria. Salmonella typhimurium LT2, Klebsiella pneumoniae
GM 236, and Klebsiella pneumoniae M5al. The 98 minute region of the Salmonella
typhimurium LT2 chromosome comprises at least two R-M systems. From genetic data
this region was previously thought to be only one minute in length but was found to be
larger than two minutes using a physical mapping technique, pulsed field gel
electrophoresis (PFGE).
The KpnAI and KpnBI R-M systems were recognized in K. pneumoniae strain
M5al and GM236, respectively. A macro-restriction map of Klebsiella pneumoniae
GM236 was constructed in this study using PFGE and Southern hybridization. The
genome was digested with three rare cutting restriction enzymes (Blril, \-Ceu\, and XbaT).
The estimated size of the GM236 genome was 4,582 (±80) kb, in accordance with the
range of other enteric bacteria. The partial digest of \-CeuI allowed a tentative ordering
of the eight fragments on a circular map. The map was remarkably similar to the map of

Escherichia coli and S. typhimurium with the exception of two fragments. \-Ceul cuts the
GM236 chromosome in eight fragments whereas it cuts E. coli and Salmonella genomes
in seven. This suggests a possible duplication of the ribosomal cluster in the GM236
strain. The constructed map, although tentative, has permitted the mapping of hsdR

KpnBI’

a restriction gene located on a 322 kb Bln\ fragment and also on a 40 kb Xbal fragment.
In this study, hsdRKpnA1, another restriction gene recognized in K. pneumoniae
M5al, was subcloned and sequenced. The DNA sequence of 4.5 kb was determined and
only one open reading frame (ORF) of 3, 305 base pair (bp) was considered as the coding
region for the HsdRKpnAI polypeptide.

The nucleotide sequence of the hsdRKpnAL gene

showed no significant similarity to any other sequences in the GenBank database.
However, the deduced amino acid sequence showed a moderate degree of homology
(26%) with EcoR\2AH (former £c<?R 124/31), a type IC restriction enzyme and KpnBI.
After alignment of the three proteins, seven helicase motifs, typical of type I and IH
restriction enzymes, were found. This similarity between the three proteins and other
current evidence show that KpnAl and KpnBI are probably the first type I restriction
endonucleases recognized in K. pneumoniae.
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INTRODUCTION

In nature, it is very well known that every organism must defend itself from
predators. Different methods are in use, some very efficient and some not so. This is also
true for microorganisms, bacteria and viruses.
The method commonly used by most bacteria is the restriction of bacteriophage
DNA. The phenomenon of Restriction-Modification (R-M) was first described in 1952 by
Luria and Human in T-even phages and was further observed by Bertani and Weigle
(1953) in lambda and P2 phages. However, it was not until 1962 that a molecular
explanation was given to the phenomenon by Arber and his coworkers (Arber, 1965;
Arber and Dussoix, 1962; Dussoix and Arber, 1962). Their work showed that the
resistance of some bacteria to bacteriophage attacks was based upon two enzymatic
activities, one which acted first to modify the host cell DNA by methylating adenosyl or
cytosyl residues within the sequence recognized by the restriction enzyme and a second
which digests any unmethylated or improperly methylated DNA by endonucleolytic
cleavage. The type of restriction described above is the most common one. There is.
however, another less familiar type of restriction which ironically is the one first
discovered (Luria and Human, 1952; Raleigh, et ai, 1989) which cleaves DNA that
carries specific modifications. In both cases, the R-M systems allow microbes to identify
foreign invading DNA and alter it or limit its expression, thus limiting the transfer of
genetic information. There are other methods used by bacteria to fend off invaders by
keeping them at bay, by building a slime layer around themselves, having a protecting
capsule or lacking or modifying phage receptors in the bacterial cell wall. But once the
1
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invading genetic material has gained entrance to the cell, the R-M systems serve as the
final checking in point before it is either allowed to stay and become part of the host or
chopped into its subunits which may serve as building materials by the invaded host
bacteria. For this reason, these systems are thought to serve a similar role to the immune
system used by higher animals (Wilson, 1993). Because of the role played by these
systems, the chromosomal region which houses them in Escherichia coli has been dubbed
the “Immigration control region” (Raleigh et al., 1992). This region is the subject of this
study in Salmonella typhimurium LT2 and two strains of Klebsiella pneumoniae, GM236
and M5al.
Restriction-Modification systems occur mainly in bacteria with a few discovered in
viruses and eukaryotes such as Seel from yeast Saccharomyces cerevisiae (Watabe et ah.
1983) and l-Ceul an intron encoded enzyme from the chloroplast of an alga
Chlamydomonas eugametos (Marshall and Lemieux, 1991).
Approximately one-quarter of bacteria species examined for restriction enzymes
were found to have them; the remaining three-quarters might lack them or they may be
there in forms that have eluded detection (Wilson, 1993). Some bacteria possess multiple
R-M systems: usually two or three but sometimes even more (Laue et ai, 1991).
There are 166 restriction enzymes that have been cloned and more than half of
these enzymes have been sequenced (Macelis, personal communication). The cloning of
the R-M genes has been difficult in many cases, but now due to the adoption of a type of
selection that exploits the ability of cloned methyltransferase genes to modify the recipient.
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an increasing number are being cloned every year (Wilson, 1993). Even with application
of this method, several attempts to clone complete R-M systems have failed despite the
fact that for most R-M systems now known, restriction and modification genes are linked
(Wilson, 1993). Thus, in the case of Klebsiella pneumoniae only genes responsible for
restriction subunits of KpnAl and KpnRl identified from M5al and GM236, respectively,
have been cloned (Valinluck, 1993; Lee, 1994). This is also the case for StyLTH (also
known as SB) for which only methylase is cloned and StyLTH! (formerly known as S A)
(Leonard Bullas, personal communication).
There are now a total of 2723 known restriction enzymes (Roberts and Macelis,
1996) distributed inequally into at least four different kinds of R-M systems (also known
as types or classes) which have been characterized based upon the enzyme composition.
cleavage pattern, co-factors involved and recognition sequence symmetry (Table 1,
Wilson, 1993; Bickle and Kruger, 1993).
In addition to the classical restriction enzymes whose substrate is a nonmodified
DNA, there are other types of restriction enzymes which target methylated DNA. Such
methylation-dependent restriction systems include MCR (Methylcytosine restriction) and
Mrr (Methyladenine recognition and restriction). All these systems are present in E. coli
chromosome (Raleigh and Wilson, 1986).
The type I R-M systems are the most complex so far discovered. They have been
found mainly in members of the Enterobacteriaceae. The main enzyme, for these systems,
is a three-subunit protein containing the products of the hsdR, hsdM and hsdS genes {hsd

Table 1. Distinguishing features of different types of restriction and modification enzymes 1

Type Structural features

Cofactors

DNA cleavage

I

Multifunctional, multisubunit, three structural
genes

Mg2+, ATP, Ado Met

Cut randomly, far from
asymmetrical recognition sites

n

Simple, separate enzymes for restriction and
modification, two structural genes

Mg 2+

Cut at fixed positions within
symmetrical recognition sites

IIS

Like type II (three structural genes in one
case

Mg2+

Cut at fixed distance from asymmet
rical recognition sites

HI

Multisubunit, multifunctional, two struc
tural genes

Mg2+, ATP

Same as type IIS

Mcr/
Mrr

Several subunits and genes, no modification
enzymes

Mg2+, GTP (McrBC)

Cut DNA with modified C and A
residues

‘(Based on Bickle and Kruger, 1993.)
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for host specificity for DNA). This enzyme is multifunctional, an ATPase and a
topoisomerase which catalyzes both restriction and modification reactions (Bickle and
Kruger, 1993). A second enzyme containing the products of hsdM and hsdS genes is also
present as a monofunctional modification methyltransferase. Both enzymes require Mg2+,
Adenosine triphosphate (ATP) and S-adenosylmethionine (AdoMet) as co-factors for
restriction and only AdoMet as a co-factor for modification. The activity of the
modification methylase, however, is stimulated by the presence of Mg2+ and ATP. An
understanding of how these enzymes work is beginning to emerge and it is now accepted
that they form complexes with unmodified DNA specificity sites in a form that is retained
on nitrocellulose filters under restriction conditions. No enzymatic turnover has been
observed in these cases contrary to other systems (Yuan, 1981). Cleavage is then at
random sites from roughly one kb to several kb from the recognition sequence. If the
recognition site is methylated, ATP stimulates the dissociation of the restriction enzyme
from the DNA and thus protects it from restriction (Wilson and Murray, 1991). If the
sequence is hemimethylated, as it is immediately after DNA replication, ATP stimulates
methylation of the other strand (Studier and Bandyopadhyay, 1988).
The hsd locus encoding Escherichia coli KI and BI systems as well as those for
E. coli AI and Salmonella S/yLTII and SZyLTHI systems are located at the corresponding
region of the bacterial chromosome (near serQ) (Gingeras, 1991). These genes have been
mapped at 98.5 min on the E. coli chromosome (Bachmann, 1990) and at the 98 min
region of S. typhimurium (Sanderson and Roth, 1988). They complement each other
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genetically and in fact complementation was used to find other genes and to define their
function (Bickle and Kruger, 1993). It was found that such complementation properties
were not shared between all known systems even though they were allelic. For example,
DNA probes comprising the ZscoKI genes failed to hybridize with those of E. coli 1ST'
which encoded EcoAl\ similarly antibodies against EcoYJ did not cross-react with EcoAL.
These observations indicated that different systems may exist within the type I system.
Based on complementation ability, immunological properties (cross reactivity to
Hsd subunit to antisera raised against a particular Hsd subunit) and DNA hybridization.
the type IR-M system is now grouped into three families. It has been proposed that the
first family be called type IA with EcoYJ as the prototype. Likewise type IB is called the
EcoAL family and type IC, the StyRl24I family. Table 2 details all characterized type I
R-M systems giving their sequence specificity and important references.
B arcus and Murray (1994) have shown some evidence for a fourth family within
the type I R-M system. The first representative (StySBU) is the R-M system of
Salmonella enterica serovar Blegdam, initially identified on the basis of biological tests
(Bullas et al., 1980). Whereas the genes behave as alleles of those encoding EcoKl or
EcoAl, they fail to cross-hybridize to the hsd genes encoding type IA, IB or IC enzymes.
The structural genes for all the three families of type I systems have now been
characterized at the molecular level by DNA sequencing and DNA analysis (Sain and
Murray, 1980). From a comparison of these sequences, several generalities have
emerged:
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Table 2. Specificities of type I restriction enzymes (Bickle and Kruger, 1993)
Recognition
sequence3

References

Type IA
EcoBl
EcoYll
Ecom
StySBl
StySPl
StySQI
StySJ~P

TGA(N8)TGCT
AAC(N6)GTGC
TTA(N7)GTCY
GAG(N6)RTAYG
AAC(N6)GTRC
AAC(N6)RTAYG
GAG(N6)GTRC

Lautenberger et al, 1978
Kan etal., 1979
Nagaraja et al., 1985
Nagaraja et al., 1985
Nagaraja
1985
Nagaraja a/., 1985
Gann et al., 1987

Type IB
EcoAl
EcoEl
CfrAl

GAG(N7)GTCA
GAG(N7)ATGC
GCA(No)GTGG

Kroger and Hobom, 1984
Cowan et al., 1989
Kannan et al., 1989

TypeIC
EcoDXKl
EcoR124l
EcoR124H
EcoRD2b
EcoRD3b
EcoDR2b
EcoDR3b

TCA(N7)RTTC
GAA(N6)RTCG
GAA(N7)RTCG
GAA(N6)RTTC
GAA(N7)RTTC
TCA(N6)RTCG
TCA(N7)RTCG

Gubler et al.,
Gubler et al.,
Gubler et al.,
Gubler et al.,
Gubler et al.,
Gubler et al.,
Gubler et al.,

Enzyme

1992
1992
1992
1992
1992
1992
1992

a N, any nucleotide; R either purine; Y, either pyrimidine. The subscript number within
the parentheses indicates the number of nucleotide residues in the nonspecific spacer.
b These R-M systems are artificial hybrids generated in vitro.
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First, the genes are arranged into two contiguous transcription units, with hsdM and hsdS
forming an operon and hsdR being transcribed from its own promoter. The order of the
two transcriptional units, however, is different for the different families of type I system
(Fig. 1, Bickle and Kruger, 1993). Second, in all cases, except one the sequences do not
present any homology among different families apart from a few short amino acid
sequence motifs common to DNA adenine methylase and to ATP binding proteins. Third,
within each family the hsdM and hsdR genes are largely homologous and thus
exchangeable. Finally, the hsdS genes share conserved regions that may be responsible for
protein-protein interactions with the M and R subunits, but they also contain two
extensive nonhomologous regions that are thought to code for sequence- specific DNA
recognition domains (Kannan et ai, 1989)
This organization of two variable regions separated by a conserved sequence
common to all members of the same family suggests that homologous recombination
between different hsdS genes could generate new specificity. In fact, a new R-M system
encountered as the by-product of PI mediated transduction (Bullas et al., 1976) arose this
way (Fuller-Pace et al., 1984) and was shown to recognize the predicted target sequence
(Nagaraja er a/., 1985).
Another example of spontaneous change in DNA specificity is demonstrated by
two type IC enzymes, S/yR124I and 5,/yR124II (former 5(yR 124/31). 57yR124I is coded
by an IncFIV conjugative drug resistance plasmid (Hedges and Datta, 1972). At a low
frequency, the SfyR124I specificity is lost and is replaced by a new specificity called

9

Figure 1. Genetic organization of the hsd region of the different families of type IR-M
systems. A. The arrows indicate the transcriptional units. The genes hsdS, hsdM and
hsdR encode the three subunits of type I restriction enzymes. The prrC encodes an RNAbased restriction system and does not have a homology with type IC systems. B. The hsd
genes of E. coli K-12 and their direction of transcription are shown here. Three subunits,
HsdRK, HsdMK and HsdSK assemble into the two forms of R-M enzymes as shown. Pres
and P mod are the promoters for the hsdRK, and the hsdMK and hsdSK, respectively.
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5/yR124II. The DNA recognized by the two systems differ only in the length of the non
specific spacer separating the two half-sites of the sequence (Table 2). One requires a
6-base pair (bp) and the other a 7 bp segment. Cells expressing &yR124II can switch
back to expressing Sty\2A\, with a concomitant loss of the SzyR124II specificity. When
structural genes of both systems were sequenced, a difference was found in the middle of
the hsdS genes, where a 12-bp in-frame sequence was directly repeated twice in StyRl24l
gene and three times in the S/yR124II gene. Otherwise, the two sequences were identical
(Price etai, 1989)
An interesting observation was made on EcoDXXl, a type IC family enzyme,
which recognizes a DNA sequence completely different from that recognized by S/yR124I
or 5iyR124II. Its structural genes showed an overall structure similar to that of type IC
family enzymes except in the hsdS gene where two long blocks of nonhomology were
found. The sequence of part of this region showed that EcoDXXl was very similar to
S/yR124II; in particular the three copies of the 12-bp repeated sequences were identical
(Gubler et al., 1992). Hybrids were constructed between the SzyR124I and EcoDXXl
hsdS genes with one-half from one system and the other half from the other system, and
either two or three of the 12-bp repeat in the middle. All of these hybrids express both
restriction and modification and the recognized sequences can be determined. The results
show that for type IA systems, the amino terminus of the protein recognizes the
trinucleotide half of the recognition sequence, the central part of the protein determines
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the number of nucleotides in the nonspecific spacer, and the carboxyl terminus recognizes
the other half of the recognition sequence (Gubler et al., 1991).
The type II systems are the simplest of R-M systems. In these systems the
restriction enzyme is separated from the modification enzyme and there is no special co
factor involved other than Mg2+. The restriction enzyme recognizes and cleaves simple
DNA sequences at fixed positions. These useful properties made the type II R-M enzymes
an indispensable tool in molecular biology and they have revolutionarized biotechnology.
The whole idea of gene therapy depends on this characteristic of cutting DNA at specific
and predictable positions. Because of this use and the commercial aspects of it, extensive
searches have been conducted in almost every genus of bacteria and now over 200
different type II restriction specificities have been identified (Kessler and Manta, 1990;
Roberts and Macelis, 1996; Wilson and Murray, 1991 and Barcus and Murray, 1994).
The search continues but most type II R-M systems discovered recently are duplicates of
previously identified specificities. These are called “isoschizomers” meaning enzymes
from different bacterial sources that recognize the same sequence previously reported or
“neoschizomers” which are isoschizomers that cleave at a position different from their
prototype. It is estimated that about 20 new specificities are discovered every year
(Wilson and Murray, 1991). Some specificities are more common than others. For
example, isoschizomers of HaeR, ZscoRII and Pstl have each been found more than 50
times but Xbal specificity has been found only once (Zain and Roberts, 1977). It is argued
that the existence of multiple specificities is a proof of horizontal gene transfers among
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bacteria (Barcus and Murray, 1994). In this transfer, genes or parts of genes are passed
into bacteria of different strains or species.
The recognition sequences of type IIR-M systems are essentially symmetric
(palindromic) and DNA cleavage as well as methylation occurs symmetrically within the
recognition sequences. The length of the recognition site is variable and comprises four to
eight specific base pairs that may be continuous or interrupted.
There are two structural genes in the type II R-M systems. The R gene codes for
restriction endonuclease and the M gene for modification methyltransferase (Fig. 2). The
restriction endonucleases generally act as homodimers, an association that facilitates the
coordinated cleavage of both strands. The methyltransferases appear to act as monomers
and methylate the duplex one strand at a time (Wilson and Murray, 1991).
Some type II R-M systems recognize asymmetrical and uninterrupted 4- to 7-bp
DNA sequences and cut the DNA at a fixed distance (1 to 20 bp) outside this recognition
sequence (Bickle and Kruger, 1993). In order to distinguish them from the majority of
type II R-M enzymes, they have been called type IIS (shifted cleavage) (Wilson and
Murray, 1991). In 1991, Szybalski et al, indicated that about 80 type IIS enzymes have
been identified with about 35 specificities. The restriction endonucleases of IIS in their
active forms are usually monomers and their methyltransferases comprise two enzymes.
one for methylating each strand of the recognition site.
The third kind and the smallest group of R-M systems, type El, has only four
known specificities (Roberts, 1990). Their origins, however, are diverse. EcoVl and
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Figure 2. Genetic organization of type H R-M systems. A. The arrows indicate the
transcriptional units. The genes M and R encode the three subunits of type II restriction
and modification enzymes. The genes are aligned and transcribed in different directions.
1. Thegene first (example fscoRI). 2. Thegene, and C gene, and M gene in the
same orientation (BsuRI). 3. The M gene and R gene in the same orientation {TaqI).
4. R gene and M gene divergent (PstI). 5. R and M genes divergent and possible C gene
in between {PvuU). 6. R and M genes convergent CEcoRET). B. The R and M genes and
their products for a typical type II R-M system, e.g. EcoPl. Two subunits of R.£cc>RI
assemble into the form of restriction enzyme. Pres and Pmod represent the promoters for the
R and the M genes, respectively.
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Eco?\5 are coded by the PI prophage and the related pl5B plasmid of E. coli.
respectively (Arber and Dussoix, 1962; Arber and Wauters Willems, 1970; Hiimbelin et
ai, 1988). HinfSH isolated in Haemophilus influenzae Rf is the only type ID system so far
found outside the family Enterobacteriaceae (Kauc and Prekarowicz, 1978). S/yLTI is a
type in system coded by the chromosome of most Salmonella strains (Bullas et al., 1980)
There are only 2 structural genes in these systems (Fig. 3) and the single
multifunctional enzyme contains two subunits. The M subunit confers sequence specificity
for both restriction and modification methylase and functions alone as a methyltransferase.
The second subunit R has no enzymatic activity on its own. When both subunits are
complexed together, they act as a methyltransferase and restriction endonuclease.
Modification requires AdoMet which also stimulates restriction. Mg2+ stimulates
restriction which requires ATP which is not hydrolyzed in the process.
The recognition sequences of type IQ R-M systems are asymmetric, uninterrupted
and 5 to 6 nucleotides in length. Cleavage occurs on one side of the recognition sequence.
approximately 25 nucleotides away. When DNA is completely modified, methyl groups
are found on only one strand. Normally, this would be lethal to the cells (one of the two
daughter cells) because the nonmodified strand would, in replication, generate a DNA
duplex without a parental methylation pattern which will be a substrate for restriction. In
reality this does not happen and the cells survive because restriction takes place only when
there are two recognition sites in inverse orientation. Several observations (Dunn and
Studier, 1983; Schroeder et al, 1986; Meiserl et a\., 1992 ) have shown that all
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Figures. Genetic organization of the hsd region of type III R-M systems. A. Arrows
indicate the transcriptional units. The genes res and mod encode the two subunits of type
HI restriction enzymes. B. Genes and their products of a typical type IE R-M system,
EcoPl. Two subunits, Res and Mod, assemble into the two forms of R-M enzymes as
shown. Pres and Pmod are the promoters for the res and the mod genes, respectively.
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unmodified sites in freshly replicated DNA molecules were in direct orientation and thus
were not subject to restriction. Moreover, they could be still modified (Bickle and
Kruger, 1993).
EcoPl and Eco?\5 are now well characterized genetically (Meisel et ai, 1991;
Meisel et ai, 1992). They complement each other and DNA sequence analysis has shown
that they have only two structural genes (Fig. 2) (Hadi et al, 1983, lida et al., 1985). The
characterization of S/yLTI took a long time because this system behaves differently.
When cloned, restriction activity was expressed upon its transfer to a nonmodified
recipient and this inevitably caused the death of the cells. De Backer and Colson (1991)
were able to avoid this problem by cloning this system in two stages: the mod gene was
cloned first and later the res gene. The behavior of S/yLTI is in sharp contrast with that of
type I system. Normally, structure genes can be transferred to nonmodified cells without
any notable killing indicating that the expression of restriction is closely controlled
(Prakash-Cheng and J. Ryu, 1993).
The last group of restriction enzymes recognizes and destroys any DNA carrying a
particular modification. The first restriction enzyme in this group to be identified was
Dpnl from Streptococcus(Diplococcus) pneumoniae, which cleaves the sequence GATC
only when A is methylated (Lacks and Greenberg, 1977). Such methylation-dependent
restriction enzymes include mcr (methylcytosine restriction) and mrr (methyladenine
recognition and restriction) which have been rediscovered in E. coli recently (Marinus,
1987). In E. coli K-12 all these systems are clustered in a small region of the chromosome
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mapped at 98.5 min. The mcrBC locus is adjacent to the hsd genes that code the classical
type I EcoYL. restriction system and mrr system is just on the other side of the hsd genes
(Heitman et al, 1987).
It should be noted that there are also methyltransferases which are not associated
with restriction in E.coli. These include Dam (DNA adenine methylation) and Dcm (DNA
cytosine methylation) systems (Marinus, 1978). The fact that a single organism like E.coli
carries a multitude of restriction and modification systems presents a clear argument in
support of the idea that the main function of R-M systems is to protect cells from viral
infection. One of the methods used by phages to elude detection by bacteria
R-M systems is its own coded modification which mimics the same specificity as the target
host. But when more than one R-M system exists in a cell, this tactic may not work and
the phage can still be restricted.
S. typhimurium LT2, a gram-negative rod of the family Enterobacteriaceae, and
enteric pathogen in a wide range of warm-blooded animals, including humans, has three
distinct R-M systems: StyLTl (formerly hsdLT), S/yLTII (formerly SB) and StyLTUl
(formerly SA). The latter two are located in the region of our study. The first one is
located elsewhere on the chromosome [in the 8 minute region near proC (Colson et al..
1970; Colson and Van Pel, 1974)]. At the present time, only S/yLTI genes have been
completely cloned (De Backer and Colson, 1991), hsdLTU has been partially cloned and
sequenced (Gann et al, 1987), and hsdLTTR genes have not been cloned, although an
attempt has been made (Bullas, personal communication). HsdLTII was found to be
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linked to serB, and hsdLTDI was very close to hsdLTII (Colson and Van Pel, 1974). At
this time the exact location of these genes on the chromosome is still vague because of a
limited availability of genetic markers. Several studies of this region have been attempted
(Bullas et al., 1980; Tsai et ai, 1989). However, despite the importance of this region.
very limited information is available regarding gene locations and arrangement of this
region. In fact, Tsai et al., (1989) when working on the transformation in restriction
deficient Salmonella typhimurium LT2 observed that many TnlO insertions isolated in the
98 min region showed a lower percentage of linkage with markers close to the hsd genes
(Fig. 4 B). This seemed to contradict the published genetic map and led Ryu's laboratory
to suggest that the 98 min region may be larger than previously thought (Tsai et al..
1989). In fact, when cotransduction frequencies were used, this region seemed to be
more than 96 kb or more than two minutes in sharp contrast to the one minute indicated in
the published map (Sanderson, 1988, Fig. 4 A) and one gene was given different position
based on the cotransduction frequencies. Namely, argl which formerly was mapped in the
98 min region (Sanderson, 1987) was reported one year later to be in the 97 minute region
(Sanderson 1988). Over the years, Dr. Ryu's laboratory has accumulated quite a number
of mutants with TnlO transposon insertions in this region (Table 3).
Transposon TnlO is a translocatable drug resistant element that carries a
tetracycline resistance determinant. It is about 9.3 kb in length with 1.3 kb inverted end
repeats. These ends are called insertion sequences ISiO (Fig. 5). The right end is
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Figure 4. A. Genetic map of S. typhimurium LT2 showing the 98 minute region
(Sanderson, 1987). Positions of genes of interest are indicated by arrows. The number
(e.g. 1.5, 0.4 indicate the distance in minute between known markers. B. Genetic map of
the same region according to Tsai et al, 1989. Cotransduction frequencies are given in
percentages and experimental data in parentheses. The figure is not drawn to scale. *P22
transduction data. tPl transduction data. $P22 transduction, Sanderson and Hurley,
1987; § PI transduction, Kozdroj and Klopotowski, 1979.
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Figure 5. Physical map of the Tn70 transposon showing selected restriction sites (JBlnl
and Xbal). Blnl site is located in IS10 [both left (L) and right (R)] and Xbal is located in
the genes for resistance to the tetracycline (TET). Modified from Way et al., 1984.
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functional and codes for a transposase, the enzyme responsible for insertion even in
recombination-deficient (Rec') strains (Hailing etal., 1982). TniO is widely used as a
genetic tool. When it is inserted in a structural gene it abolishes the expression of that
gene, but depending upon the exact situation, insertion of either IS70 or TniO can either
turn chromosomal genes off or on. When TnlO is inserted in a gene, the strain can be
selected because of the tetracycline resistance conferred by the transposon. When the
gene function is lost because of the insertion, the selection is sometimes possible because
the strain cannot grow unless a supplement is given especially when the gene is essential.
By taking advantage of the TnlO transposon which has sites for Xbal and Blnl, further
manipulations can be done and studies of the region accomplished.
New methods to separate large DNA fragments have been developed recently. As
recently as 12 years ago it was not possible to separate DNA fragments of more than
50 kb. With the capability now of separating large fragments of DNA virtually any
fragment can be identified and isolated so that further manipulations can be done. The
development of pulsed-field gel electrophoresis (PFGE) technique and the discovery of
several restriction enzymes that cut DNA infrequently, such as Xbal and Blnl, contributed
to the size determination and separation of larger DNA fragments. The original PFGE
technique was developed by Schwartz and Cantor (1984) and numerous improvements
have been made since that time. It is now possible to exploit this technique in order to
construct macro-restriction maps of chromosomes from many different species, including
humans. It can also be used as a preparative tool. Intact DNA obtained from PFGE
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preparative gels can be used for cloning into cosmids, YAC, and other large vectors. It is
also possible to elute this DNA in order to generate libraries of cloned DNA fragments.
PFGE overcomes the size limitations of conventional electrophoresis which consists of
placing DNA molecules in a solid matrix, usually agarose or polyacrylamide, and inducing
the molecules to migrate through the gel under a static electric field. In the absence of
external forces, DNA molecules exist in a relaxed form and their movement is mainly
Brownian motion. But when submitted to an electric field, DNA molecules elongate and
align with the field and migrate toward the anode by a force described by Levine and
Zimm (1989) as "reptation". This movement is compared to the way a snake moves
around in the bush: the head selects the path among many obstacles and the rest of the
body follows in a zig-zag manner.
The separation of DNA molecules in a gel depends on the seiving properties of the
gel matrix. Smaller fragments move more easily and thus become separated from the
larger ones which take longer to move through the solid matrix. Of course, other factors
also affect the rate of the separation and the mobility of DNA molecules, such as
composition and concentration of the gel, the buffer used, the running temperature, and
the voltage gradient of the applied electrical field. The difference in migration rates
applies, however, if the DNA molecules to be separated are no larger than 20 kb. In
conventional electrophoresis, all DNA molecules larger than 20 kb show essentially same
mobility in a static electric field and thus do not become separated from each other

28
because they show the same cross-sectional area after their alignment with the electrical
field and move by reptation at similar speeds.
Several attempts to extend the range of separation to larger molecules have been
made relying mainly on the lowering of the concentration of agarose and the use of very
low voltage gradients. The problems associated with these extreme conditions, namely the
difficulties to mechanically handle the low-percentage point agarose gels and the time it
takes to run those gels under low voltage gradients made these attempts impracticable.
Early on, Klotz and Zimm (1972) had showed that the elongated DNA molecules
can relax back to their original state when the electrical field which caused its elongation is
withdrawn. The rate of that relaxation depended on the length of the molecules. This
newly discovered physical property of the DNA molecule was put to use by David
Schwartz, then a student of Zimm, to separate larger DNA molecules. When the
orientation of an electric field is changed periodically, DNA molecules in the gel are forced
to relax on the removal of the first field and elongate in different direction to align with the
next electric field. The larger the DNA molecule, the longer it takes to reorient. As a
result, mobility becomes a function of size because the larger molecules spend a
considerable time reorienting before they can begin migrating and DNA fragments as small
as 1 kb can be separated from 10 megabases.
The PFGE has come a long way since its infancy in 1984 when all systems in use
were constructed by users. These 'home-made' apparatuses were not only dangerous but
also lacked reproducibility, an essential quality of any scientific technique. The stringent
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hardware requirements of PFGE has led to the development and availability of safe,
reliable, and well-designed gel electrophoresis boxes, power supplies, and switching units.
There are at least eight different PFGE systems commercially available (Lai, 1989). These
systems (OFAGE, FIGE, TAPE, CHEF, PACE, RGE, etc) are variations of the original
electrode geometry, homogeneity and method of reorientation of the electric fields.
The separation of large DNA molecules requires the preservation of their integrity.
This presents a problem because most conventional DNA preparations are carried out in
solution and during the pipetting, vortexing, and phenol extraction processes were
subjected to shear forces strong enough to compromise the integrity of the molecules. To
get around the problem, Schwartz and Cantor (1984) introduced the idea of embedding
the entire genome in agarose blocks. The agarose matrix stabilizes the DNA molecules
after the removal of the cell membranes and other materials such as proteins and RNA.
This simple procedure has permitted manipulation of DNA molecules as large as 10 Mb,
far above the maximum 50 kb limit encountered when conventional methods are used.
This new technique, however, requires a low melting agarose of ultra high purity that is
free of restriction endonuclease inhibitors, since any subsequent procedures such as
restriction enzyme digestion, ligation must be carried out in that agarose.
Relatively large DNA fragments of chromosomes are needed for a useful
manipulation such as cloning in cosmid and in yeast artificial chromosome (YAC),
construction of physical maps and even in DNA sequencing. Therefore, restriction
endonucleases which cut chromosomes infrequently were sought and now several are
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available commercially. These rare cutters, as they are often called, cut DNA at low
frequency and produce a manageable number of fragments. When the sum of these
fragments is put together, the size of the chromosome can be determined.
This way of studying the size of bacterial chromosomes has been the most accurate
to date and gives a more precise picture of the genome than do previous techniques
(Krawiec and Riley, 1990). A number of bacterial genomes have been studied using this
technique and the number continues to grow all the time. Randriamahefa (1994) has
identified 68 strains of bacteria whose genome size was measured by PFGE. In most
cases, physical maps of these genomes have been constructed and few genes have been
mapped. The most advanced chromosomal study to date is of Escherichia coli K12 with
more than 1,400 genes mapped on its circular chromosome (Bachmann, 1990). The
linkage map of Salmonella typhimurium LT2 lags behind and is now at its 8th edition with
more than 1,159 genes mapped (Sanderson etal., 1995).
Few genetic studies, however, are available for Klebsiella pneumoniae. This
strain, isolated in 1882 by Carl Friedlander, is a gram negative encapsulated nonmotile rod
which is found in GI tracts of animals, in urine and sputum in clinical cases as well as in
soil and water. It has not been studied as extensively as E.coli and S. typhimurium, other
members of its Enterobacteriaceae family. This organism is easily recognized by the large
mucoid colonies that it produces on MacConkey agar plates. It also has distinctive
biochemical activities and has a characteristic resistance to ampicillin and carbenicillin.
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K. pneumoniae does not require a special growth medium and most strains can use citrate
and glucose as their sole carbon source and ammonia as their nitrogen source. Klebsiella
species are responsible for some nosocomial infections and are opportunistic pathogens.
Furthermore, they have been reported to cause life threatening bacteremia in adults (De La
Torre et al, 1985) and in neonates (Morgan et al., 1984). Recently, Monnet et a\., (1994)
has developed a method of differentiating clinical Klebsiella strains to the species level.
K. pneumoniae is known as a nitrogen fixing bacteria (Bachhuber et al., 1976;
Roberts and Brill, 1980). This discovery led to detailed genetic studies of nitrogen
fixation using K. pneumoniae as a model organism. The nitrogen fixation {nif) genes are
located on the chromosome near the his region (Streicher et al., 1971). This is not the
case for Rhizobium species where nif genes are located on a very large plasmid.
However, the gene order is largely the same for both organisms and the genes are clearly
homologous because Klebsiella nif genes hybridize to those of Rhizobium and are used as
probes for their detection on the chromosome (Krawiec and Riley, 1990).
Twenty eight K. pneumoniae genes were mapped by Mutsumoto and Tazaki,
(1970) using conjugation data, on a circular chromosome found to be similar to that of
E. coli. One year after their publication, the genetic linkage map was revised and 3 more
genes and other markers were added (Matsumoto and Tazaki, 1971). To fully understand
an organism, a physical map has to be constructed. Randriamahefa (1994) constructed the
first physical map using two endonucleases, Xbal and Blnl, and determined the size of
K. pneumoniae M5al to be 5121 kb.

32

Today an increasingly essential part of characterizing an organism is a
chromosome map. A genome map is needed to show how genes are arranged, reveal their
relationships and to permit further manipulations and studies such as creating mutants
(Drlica and Riley, 1990). They also allow comparisons that are necessary for other
genetic, taxonomic and evolutionary studies. There are two kinds of chromosome maps: a
genetic map (also called linkage map) and a physical map. The genetic map is based
mainly on the way genes are transferred and recombined into the recipient chromosome
after conjugation, transduction and transformation. The frequency with which two nearby
markers are transferred and recombined together to the recipient DNA is proportional to
the distance between them. Studies of the time of entry in conjugation and of the genes
transferred when mating is interrupted give a rough estimate of the distance and the
location of the genes, whereas cotransduction frequencies give more detailed map
locations.
While a genetic map primarily gives the relative order of the genes on the
chromosome; more accurate distances between the genes are given by a physical map.
There are two steps for constructing a physical map. First, the chromosomal DNA of an
organism is cleaved in relatively large fragments with restriction endonucleases which are
reassembled to reconstruct the physical structure of the original genome (macro-restriction
map). Secondly, the fragments of the chromosomal restriction digests are cloned into
vectors to form a chromosomal library and are realigned in the order in which they were
originally arranged on the chromosome. Using these methods and PFGE mentioned
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earlier, Smith et al., (1987) established the size of the genome of E. coli at 4,700 kb and
constructed a physical map using two enzymes Noil and Sfil. This determination is
considered to be the most accurate to date compared to earlier estimates of the genome
size which ranged from 3,000 to 4,700 kb (Yee and Inouye, 1982; Bachmann, 1983).
Kohara et al. (1987) also established a physical map of the E. coli genome using a set of
mutually overlapping lambda phage clones that cover the whole chromosome with fine
restriction data.
To further understand the immigration control region (Raleigh et al., 1989) in
S. typhimurium LT2 and thus allow a comparison of this region with that of E. coli, I
undertook in this study to construct a restriction map of the 98 minute region and show
the size and the arrangement of some genes. The second goal of this study was to
construct a a physical map of K. pneumoniae GM236 and place the restriction gene of
KpriQl, one of the restriction-modification system identified in our laboratory, on that
map. The last goal was to further characterize the new restriction genes isolated from
K. pneumoniae M5al in our laboratory, by DNA sequence and analysis.

MATERIALS AND METHODS

Materials
A. Bacterial and Bacteriophage strains
Bacterial and Bacteriophage strains used in this study are listed in Table 3.
Bacteria were isolated as single colonies on L agar plates from stock cultures kept at
80°C. Overnight cultures were prepared by inoculating a single colony or subculturing
0.1 ml from a liquid culture into 10 ml of LB (Luria Bertani) broth and incubating
overnight at 37 °C, while rotating slowly. Fresh cultures were obtained by diluting
20-fold an overnight culture into fresh L broth and incubating on a rotator (TechniLab
Instruments, Inc., Pequannock, NJ) at 37°C to log phase.
Permanent stocks of bacteria were made by adding two drops of a preservative.
dimethylsulfoxide to 1.5 ml of fresh bacterial culture using Pasteur pipette and mixing well
by vortexing. Permanent stocks were kept in the -80°C So-Low freezer (Environmental
Equipment Co., Cincinnati, OH).
Bacterial concentration was determined by serial dilution in B buffer and spotting
of 10 pi aliquot of these dilutions on the appropriate agar. The concentration c was
calculated as c=(n x d)/v, where n is the number of colonies, d is the dilution factor and v
is the volume of the bacterial dilution spotted.
Bacteriophages were propagated on appropriate host strains using a modified plate
method (Davis et al, 1980). In each case, host bacteria were grown to early log phase in
L broth and approximately 10 to 100 pi of phage suspension (109 to 1010 pfu/ml) was
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Table 3. List of bacteria, bacteriophages and plasmids used in this study.
Strain name

Bacteria
K. pneumoniae
5022
GM236
GM236R
E.coli
XL 1-Blue

Lab Description3
Stock #

References or source

177
180
179

Streicher, 1974
G. Satta
J. Ryu

r KpnAI 111 KpnAI
r+ KpnBI m+KpnBI

r KpnBI m

KpnBI

1198

/z5<iR(r'Km+K),
[F'proAB, Zac^ZaMIS,
TnlO (Tcr)]

Strategene

146
147
148
165
166
211
212

TT21 serB-965::TnlO
TT159 ser-967::TnlO
TT191 thr-557::TnlO
TT21 LT2 serB965::TnlO
TT147 LT2 argI1833::TnlO
LB5020 arglr.TnlO zy71072::Tn5
SL5283 serB::TnlO
SL5283 argI::TnlO
TT563 zjh-33::TnlO (83% to pyrB)
TT147 argl Tcs
TT147 TnlO (30% to argl)
TT147 TnlO (70% to argl)
TT147 TnlO (58% to arg/)
TT21 TnlO (16% to serB)
TT21 TnlO (13% to serB)
TT21 TnlO (0.8% to serB)
TT21 TnlO (52% to serB)
TT21 TnlO (9% to serB)
DB9159 Tcs TnlOl
DB9159 zji4022::Tnl0
DB9159 thy deo+Tnl0
DB9159 thy deo+Tnl0
DB9159 thy deo+Tnl0
DB9159 zji402l::Tn\0)
LT2
LT2 TT460pyrB::Tnl0

J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
J. Ryu Lab
K. Wong
K. Wong

S. typhimurium*

213
216
470

528
529
534
538
540
542
546
548
989
1011
1014
1015
1017
1022
2464
2466
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Table 3. (continued)
Strain name

Lab Description1
Stock #

Bacteriophages
Xvir

F. Jacob and
Wollman, 1954
Bullas et al., 1981

SBS
Plasmids
pBR322
pUC18/19
pNK474
pNLA2
pORlb
pOR2c
pOR3d
pOR4e
pXC2

References or source

Apr Tcr
Apr
TnlO
r+KpnAiApr; pBR322
derived from pNLA2
derived from pNLA2
derived from pNLA2
derived from pNLA2
r styLTmm styLmi’ 11 kb in pBR322

BRL
Pharmacia
Morisato et al., 1983
Lee, 1994
This study
This study
This study
This study
L. Bullas

a Genotype, phenotype or the construction are indicated when available.
b pUC18 and 3.3 kb HindSUHindYQ. fragment of the 4.5 kb fragment of pNLA2
c pUC18 and 1.9 kb HindBUSali of the 4.5 kb fragment of pNLA2
d pUC18 and 0.8 kb HindHUSaH of the 4.5 kb fragment of pNLA2
e pUC18 and 0.7 kb SaWSaR of the 4.5 kb fragment of pNLA2
f The S. typhimurium standard marker strains from J. Roth
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added to the culture of bacteria, (0.5 ml) combined with 10 jil of 1 M MgS04 and 3 ml of
top agar or top agarose containing 10 mM MgS04 and poured onto a fresh L agar plate.
After incubation for 8 to 16 h at 37 °C, the lysed bacterial lawn was collected in an
Oakridge centrifuge tube and centrifuged at 10,000 rpm for 10 min at 4°C in an SS-34
rotor to obtain the supernatant. A few drops of chloroform were then added and the
resulting lysate was incubated at 42°C for 1 h or was left overnight at room temperature
to kill any remaining bacteria. Subsequently, the lysate was kept in the refrigerator for
future use.
Phages were titered semi-quantitatively by spotting 10 pi aliquot of serial dilutions,
in B-Buffer, on a lawn of appropriate host bacteria containing the appropriate cation.
After overnight incubation, plaques were counted. Phage titers equal or higher than 109
pfu/ml (plaque forming unit) were considered acceptable.

B. Media
L broth consisted of 10 g of Bacto Tryptone (Difco, Detroit, MI), 5 g of Yeast
Extract (Difco), 5 g of NaCl and 1 g of dextrose per liter. For L agar plates, 15 g (1.5%
[w/v]) of Bacto Agar (Difco) was added. For restriction-modification tests and phage
titration, a Bacto Agar (Difco) concentration of 10 g (1% [w/v]) was used. Top agar
consisted of 1.5 g of Bacto Agar (Difco) (0.75% [wt/vol]) and 200 ml of water.
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SOC medium (Bio Rad Laboratories, Richmond, Calif.) was used for
electroporation and consisted of 2% Bacto Tryptone, 0.5% Bacto yeast extract, 10 mM
NaCl, 2.5 mM KC1, 10 mM MgCl2, 10 mM MgS04 and 20 mM glucose.
All media were sterilized by autoclaving in a Vemitron Vema-Clave Sterilizer
(Vernitron Medical Products, Inc., Carlstadt, NJ.) at 120°C and 15 psi for 30 to 45 min.
Sterilized media were cooled to 50°C to 55 °C before the addition of antibiotics or other
chemicals.
Antibiotics used, and their final concentrations in pg/ml were as follows:
ampicillin, 50; chloramphenicol, 20; kanamycin, 40; nalidixic acid, 4 or 10; streptomycin,
100; and tetracycline, 20. Antibiotics were added to 1.5% L agar or L broth to the
concentrations listed above. All stock antibiotic solutions were made with distilled water,
except chloramphenicol, which was dissolved in ethanol/water (3:1). Antibiotic solutions
were filtered through a 0.45 pm HA filter (Millipore, Bedford, MA) and stored at 4°C for
up to two weeks.
EGTA salts (ethyleneglycol-bis-[beta-aminoethylether] N,N'-tetraacetic acid) or
sodium citrate were added to the growth medium, when required, at final concentrations
of 0.038% (w/v) and 0.1% (w/v), respectively, to prevent phage adsorption.
X-gal (5-bromo-4-chloro-3-indolyl-P-D-galactoside) was dissolved in N,Ndimethylformamide to 20 mg/ml. IPTG (isopropyl-p-D-thiogalactopyranoside) was
prepared as a 100 mM aqueous stock solution.
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C. Buffers
1. Bacterial and phage buffers
B buffer (pH 7.0), also called phosphate buffer, containing 3 g of KH2P04, 7 g of
NaH2P04, 4 g of NaCl and 0.2 g of MgS04 per liter, was used routinely for bacterial and
phage dilutions.
Lambda (A) dilution buffer contained 1.21 g of Tris-base
(tris[hydroxymethyl]aminomethane), 1.20 g of MgSO4.7H20 (10 mM), 2.92 g of NaCl
(50 mM) and 0.10 g of gelatin per liter of water. The pH was adjusted to 7.4 with
approximately 40 drops of 12.1 M (37.2%) HC1. Phage A, was diluted in this buffer for
long-term storage.
2. Buffers for DNA analysis
EC lysis buffer stock solution was made by combining 6 ml of 1 M Tris-HCl (pH
7.6), 200 ml 5 M NaCl, 200 ml 0.5 M EDTA (ethlylenediamine-tetraacetate) (pH 8.0),
50 ml 10% Brij-58 solution, 5 ml 4% Deoxycholate and 50 ml 100% N-Lauroylsarcosine.
The stock was diluted to 1 liter with distilled water and was filter sterilized. It was stored
at -20°C. When ready to use, 1 mg/ml lysozyme and 20 |ig/ml RNase previously
incubated for 20 minutes at 80°C were added.
Pett IV buffer consisted of 10 ml of 1 M Tris-HCl (pH 7.6) and 200 ml 5 M NaCl.
These ingredients were combined and diluted to 1 liter and dispensed in 100 ml aliquot
and autoclaved.

40

Tris-EDTA (TE) buffer, consisting of 10 mM Tris-HCl (pH 7.5) and 1 mM
EDTA was autoclaved and then used to dissolve DNA. Phenylmethylsulfonyl fluoride
(PMSF) at the final concentration of 1 mM was added to TE when needed for inactivation
of proteinase K. PMSF stock was prepared in isopropyl alcohol at the final concentration
of 100 mM.
ES buffer: 100 ml contained 95 ml of 0.5 M EDTA (pH 8.0) and 5 ml of 20 %
N-lauroylsarcosine. To make ESP buffer, 1 mg/ml of Proteinase K was added to the
above solution and incubated for 2 hours at 37°C . ESP buffer was stored at -20°C.
The stock solution of 40x Tris-acetate EDTA (TAE) buffer (Davis et al., 1986) contained
193.6 g of Tris base (1.6 M), 65.6 g of anhydrous sodium acetate (0.8 M), 13.5 g of
anhydrous EDTA-^ (40 mM) per liter. The pH was adjusted to 7.2 with approximately
50 ml of 12.1 M (37.2%) HC1. Gel electrophoresis buffer (lx TAE) contained 100 ml of
lOx TAE and 25 pi of 10 mg/ml ethidium bromide (final concentration 0.25 pg/ml) per
liter.
lOx Tris-borate EDTA (TBE) buffer contained 108 g of Tris base, 55 g of boric
acid and 40 ml of 0.5 M EDTA pH 8.0, and was diluted to lx or 0.5x with water for gel
electrophoresis.
For regular minigels, loading buffer for visualizing DNA migration on agarose gels
consisted of a 6x concentrated stock solution with 0.25% (w/v) bromophenol blue and
30% (w/v) glycerol in water. This was diluted 1:5 when preparing DNA samples for gel
electrophoresis.
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A 5x concentrated solution for stopping restriction enzyme reactions consisted of
0.25% (w/v) bromphenol blue, 25% (w/v) glycerol and 100 mM EDTA. This was diluted
1:4 to stop an enzyme digestion when preparing DNA samples for gel electrophoresis.
Restriction enzyme reaction buffers were provided by the manufacturers as lOx stock
solutions and were diluted accordingly.
3. Buffers for DNA hybridization
A rapid hybridization buffer (Rapid-hyb) commercially available (Amersham LIFE
SCIENCE) was used according to the instruction from the manufacturer.
The 20x SSC solution consisted of 175.2 g of NaCl and 88.2 g of sodium citrate
per liter, the pH of which was adjusted to 7.0 with 12.1 M (37.2%) HC1.
The 2x low stringency wash contained 2x SSC and 0.1% sodium dodecyl sulfate
(SDS). The high stringency wash consisted of lx SSC and 0.1% SDS and 0.7x SSC and
0.1% SDS. DNA denaturing solution was made of 1.5 M NaCl and 0.5 M NaOH per liter
of water. Neutralizing solution consisted of 0.5 M Tris base and 1.5 M NaCl per liter of
water.
For DNA sequencing, 40 % acrylamide stock solution contained per liter 380 g
acrylamide and 20 g bisacrylamide. The Instagel for polyacrylamide per liter, 200 ml of 40
% acrylamide stock was combined with 420 g urea and 100 ml of 1 Ox TBE. 10 pi of
TEMED and 1 % ammonium persulfate were added after degassing of the solution.
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Methods
A. Preparation and digestion of chromosomal DNA for PFGE
The preparation of bacterial chromosomal DNA for PFGE followed the
manufacture's instructions (FMC, Rockland, ME). A fresh 10 ml culture, obtained by
diluting 20-fold an overnight culture, was grown to mid-log phase (OD510~0.2,
approximately 1 x 108 cells/ml) and 90 pi of chloramphenicol (20 mg/ml) to a final
concentration of 180 pg/ml was added for chromosomal alignment. After an additional
1 hour of incubation, the culture was chilled on ice water and cells were collected by
centrifugation at 2500x g for 15 minutes at 4 °C. The pellet was washed once by
centrifugation with 10 ml of Pett IV buffer.
Cells were resuspended in Pett IV buffer(at 2x the DNA concentration needed for
final gel plugs) and were warmed to 37°C and then were diluted with an equal volume of
liquid 1% InCertR (FMC) agarose, mixed and held at 37 °C. Aliquot of 100 pi of the cellagarose mixture were pipetted into a plug forming mold and cooled at -20 °C for 15
minutes to solidify. Gel plugs were removed from the molds and were placed in
microcentrifuge tubes containing 200 pi of EC-lysis buffer and were incubated at 37°C for
more than 16 hours with gentle shaking to lyse the cell walls, cell membranes and cellular
RNA. Plugs were then transferred to 100 pi ESP buffer and incubated at 50 °C for 24
hours with gentle shaking to digest bacterial proteins. This step was repeated. For long
storage, plugs were placed in a fresh ESP buffer and stored in a refrigerator for up to one
year. To inactivate proteinase K, plugs were incubated in 500 pi of TE buffer, containing
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PMSF, at 37°C with gentle shaking for 2 hours. Then the buffer was changed once and
the plugs were incubated overnight. Gel plugs were washed twice in 500 pi of TE buffer
at 37°C for two hours each. Plugs can be stored in a refrigerator up to a month before
enzyme digestion. When ready for digestion, one plug was selected and incubated at
37 °C overnight in 200 pi restriction buffer with enzyme, following the manufacturer's
recommendation. The restriction endonuclease reaction was stopped by aspirating the
restriction buffer, adding 250 pi ES buffer, and incubating at 50°C for
2 hours. The ES buffer was then replaced with ESP when plugs were not used right
away.

B. Bacterial genomic DNA extraction
Genomic DNA was isolated from either 10 ml culture (large scale) or 5 ml culture
using G NOME™ DNA isolation Kit (BIO 101, Inc., La Jolla, CA).
1. Large scale
For the large scale preparation of DNA, cultures were inoculated into
10 ml of L broth and grown overnight at 37°C. Cells were centrifuged at 5,000 rpm
(3,020 x g) for 10 min in a Sorvall SS-34 rotor. The pellet was suspended in 1 ml of
extraction buffer (50 mM Tris-HCl pH 8.0, 50 mM EDTA), transferred to a 50 ml
polypropylene tube and frozen at -20 °C for 1 to 2 h. Next, 100 pi of freshly prepared
lysozyme (10 mg/ml in 0.25 M Tris-HCl pH 8.0) was added to digest bacterial cell walls.
After completely thawing, cells were incubated for 45 min in an ice bath. This was
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followed by the addition of 200 |li1 of 10% (wt/vol) SDS (approximately 1/10 volume) and
20 pi of 10 mg/ml Proteinase K (final concentration 100 pg/ml) to digest proteins, then
incubated for 2 h at 65 °C or overnight at 37 °C.
Equal volumes of phenol saturated with Tris-HCl (pH 8.0) and chloroform/
isoamyl alcohol (24:1) were added, mixed by gentle inversion for 2 min and then separated
by centrifugation in an IEC HN-SII table-top centrifuge (Damon, IEC Division, Needham
Heights, Mass.) at 2,500 rpm for 5 min. The upper aqueous layer was carefully removed
and the organic layer was extracted again with phenol and chloroform/isoamyl alcohol
(24:1). The final extraction was repeated with an equal volume of chloroform/isoamyl
alcohol (24:1). The aqueous layer was transferred to a sterile 50 ml Oakridge centrifuge
tube.
Ribonuclease A (RNase) was added (1/100 dilution of a 10 mg/ml stock solution)
and incubated overnight at 37°C. This solution was mixed with 1/10 volume of 3 M
sodium acetate (pH 5.2) and 2.5 volumes of cold ethanol. After mixing thoroughly by
inversion and overnight chilling at -20°C, the DNA was centrifuged at 10,000 rpm for
20 min in an SS-34 rotor. The supernatant was carefully poured off and inverted to drain
any remaining supernatant, and the pellet was rinsed with 2 ml of 70% ethanol. The DNA
pellet was then dried in a vacuum desiccator overnight, and finally dissolved in 0.5 to 1 ml
of TE buffer to a concentration of 0.5 to 1 pg/pl at 37 °C overnight.
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2. G NOME™ isolation
5 ml of an overnight culture of bacteria grown in LB broth was transferred into a
50 ml Oak Ridge Teflon centrifuge tube and centrifuged for 5 minutes at 10,000 rpm in a
SS-34 rotor. The pellet was suspended in 1.85 ml CELL SUSPENSION SOLUTION and
50 pi of RNASE MIXX was mixed to the solution. After mixing thoroughly by inverting
the tube, 100 pi of CELL LYSIS/DENATURATION SOLUTION was added and the
tube was inverted several times. The mixture was incubated at 55°C for
15 minutes and then 25 pi of PROTEASE MIXX was added. An incubation at 55 °C for
about one hour also followed, after which 500 pi of "SALT OUT" MIXTURE was added,
with a gentle but thorough mixing. The sample was divided into 1.5 ml microcentrifuge
tube and was centrifuged in cold for 10 minutes. The supernatant was collected carefully
and transferred to a 50 ml CORNING disposable centrifuge tube. 2 ml of TE buffer and 8
ml of 100% ethanol was added to the sample and DNA was spooled at the interphase with
a clean glass rod. The DNA was air dried and dissolved in 300-500 pi of TE buffer.

C. Plasmid DNA isolation
Plasmids were extracted by one of the following 5 methods:
1. Standard Method (Maniatis et al., 1982)
In the standard method, cultures were grown overnight in 10 ml of L broth
containing the antibiotic for which the plasmid confers resistance to the cell. A 1.4 ml
sample was centrifuged in a microcentrifuge for 1 min. The pellet was resuspended in
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0.1 ml of a lysozyme solution [5 mg/ml lysozyme, 9 mg/ml glucose, 10 mM EDTA and 10
mM Tris-HCl (pH 7.9)], vortexed and incubated on ice for 30 min. A 0.2 ml aliquot of an
alkaline/SDS solution (0.2 M NaOH and 1% SDS) was then added, mixed by gently
vortexing, and kept on ice for 5 min. Finally, 0.15 ml of 3 M sodium acetate (pH 4.9) was
added and incubated on ice for 30 min with occasional mixing. The supernatant was
collected by centrifugation in a microcentrifuge for 10 min at 4°C. After the addition of
two volumes of cold 95% ethanol, the DNA was precipitated at -80 °C for 10 min. The
DNA was then pelleted by microcentrifugation at 4°C for 15 min, followed by rinsing with
500 pi of 70% ethanol and drying in a Speed-Vac Concentrator (Savant). The DNA was
dissolved in 20 pi of TE buffer.
2. Magic™ Minipreps (Promega)
The culture was grown overnight in LB broth containing the relevant antibiotic. A
1.5 ml sample was centrifuged in a microcentrifuge for 1 min. Another 1.5 ml sample was
added to the pellet and centrifuged again. This made a total of 3 ml cell culture. The
pellet was resuspended in 200 pi of cell Resuspension Solution and mixed by inverting the
tube several times. 200 pi of Cell Lysis Solution was added and again mixed by inverting
the tube several times until the suspension was clear. Then 200 pi of Neutralization
Solution was added and mixing was repeated as above. The sample was centrifuged for 5
minutes. The clear supernatant was decanted to a new microcentrifuge tube and 1 ml of
the Magic Minipreps DNA Purification Resin was added and mixed well. One Magic
Minicolumn was prepared by removing the plunger from a 3 ml disposable syringe and
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attaching the syringe barrel to the luer-lock extension of each Minicolumn. The tip of the
Minicolumn/syringe assembly was inserted into the vacuum manifold and the resin/DNA
mix was poured into the syringe barrel. Vacuum was applied to pull the resin/DNA mix
into the Minicolumn. To wash the column, 2 ml of Column Wash Solution was added to
the syringe barrel and vacuum was applied again to draw the solution through the
Minicolumn. Resin was dried by continuing to draw a vacuum for an additional 2 minutes.
The syringe was removed and the Minicolumn was transferred to a 1.5 ml microcentrifuge
tube. The minicolumn was centrifuged in a microcentrifuge for 20 seconds and the
residual Column Wash Solution was discarded. The Minicolumn was transferred to a new
microcentrifuge tube and a small volume of water or TE buffer (25 to 50 pi) was applied
to the Minicolumn . After 1 minute, the Minicolumn was centrifuged for 20 seconds to
elute the DNA. The purified plasmid DNA was stored in the microcentrifuge tube at 4°C
and was used for DNA sequencing (manual), enzyme digestion and hybridization.
3. Wizard™ Minipreps (Promega)
This method is a slight modification of the Magic™ minipreps. The difference may
reside in the composition of the Magic Minicolumn which was called WizardTM
Minicolumn. The procedure is as above.
4. QIAGEN Midi Kit (Qiagen)
Bacterial cells (30 to 100 ml) were harvested by centrifugation at 4°C for
15 minutes at 6,000 xg. All traces of the supernatant were removed by inverting the open
centrifuge tube until all medium had been drained. The bacterial pellet was resuspended
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completely in 4 ml of PI buffer, then 4 ml of P2 lysis buffer was added and mixed gently
and the solution was incubated at room temperature for 5 minutes. Four ml of chilled P3
buffer was added to neutralize the solution and immediately mixed gently and the mixture
was incubated on ice for 15 minutes. The sample was centrifuged at 4°C for 30 minutes
at 30,000 xg, the supernatant was then removed promptly and set aside. For each sample
a QIAGEN-tip 100 was equilibrated by applying 4 ml of QBT buffer and the liquid was
drained by gravity flow. Then, the supernatant was applied onto the QIAGEN-tip and
allowed to enter the resin by gravity flow. The tip was washed twice with 10 ml of QC
buffer and DNA was eluted with 5 ml of QF buffer. DNA was precipitated by adding 3.5
ml of isopropanol and centrifuging at 15,000 xg at 4°C for 30 minutes. The supernatant
was carefully removed and the DNA was washed with 5 ml of cold 70% ethanol by
centrifuging as above in a glass centrifuge tube. The ethanol was discarded and the DNA
was air dried for few minutes, then the pellet was redissolved in a small amount of TE
buffer or water. Plasmid DNA was stored at 4°C for future use in automatic DNA
sequencing.
5. Magic™ Maxipreps (Promega)
For large-scale plasmid preparations, the Magic™ Maxipreps were also used. A
500 ml bacterial culture was centrifuged at 14,000 xg for 15 minutes and the cell pellet
was resuspended in 15 ml of Cell Resuspension Solution, then 15 ml of Cell Lysis Solution
was added. After gentle but thorough mixing by inversion of the bottle, the cell supension
became clear and viscous. At this time, 15 ml of Neutralizing Solution was added and

49
immediately the bottle was inverted several times for mixing. The sample was then
centrifuged at 14,000 xg for 15 minutes and the cleared supernatant was carefully
decanted to two new 50 ml Oakridge centrifuge tubes avoiding the white precipitate.
Isopropanol (15 ml) was added to each bottle and mixed by inversion. After centrifuging
the mixture at 14,000 xg for 15 minutes, the DNA pellet was resuspended in 1 ml of TE
buffer in each tube and then the two solutions were combined in one tube.
To this combined DNA solution, 10 ml of Magic Maxipreps DNA Purification
Resin was added and for each maxiprep, one Magic Maxicolumn was prepared by
inserting the Maxicolumn tip into the vacuum manifold. The resin/DNA mix was
transferred into the Maxicolumn and placed in a 50 ml CORNING conical centrifuge tube.
The DNA/resin mix was then pulled down into the Maxicolumn by centrifugation in an
lECHN-SII table-top centrifuge at 2,500 rpm for 2 minutes. In order to thoroughly
transfer all of the DNA/resin mix to the Maxicolumn, 13 ml of Column Wash Solution was
added to the tube which contained the DNA/resin mix, swirled and poured also into the
Maxicolumn. The Maxicolumn with DNA/resin mix was placed in the conical tube and
centrifuged again in the table-top centrifuge at 2,500 rpm for 2 minutes to pull down the
solution through the Maxicolumn. Then the DNA/resin was rinsed with 5 ml of 80%
ethanol followed by centrifugation as above. The filtrate was discarded and the washed
resin was dried by centrifugation for an additional 10 minutes after which the Maxicolumn
was placed in a new conical tube. Preheated (65-70°C) water or TE buffer (1.5 ml) was
added to the Maxicolumn and allowed to absorb for 1 minute. To elute the DNA from the
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resin, the Maxicolumn was placed again in a conical tube and centrifuged at 2,500 rpm for
5 minutes in a table-top clinical centrifuge with a swinging bucket rotor. The Maxicolumn
was removed and discarded and the plasmid DNA stored at 4°C for manual sequencing.
D. Extraction of DNA from agarose gels by the Geneclean kit
Isolation of DNA from agarose gels was performed by using the Geneclean kit
(Bio 101, La Jolla, CA). DNA fragments to be isolated were cut from the agarose gel
using a sharp razor blade. The agarose gel slice was weighed, divided into two cubic
millimeter pieces and up to 0.4 g was treated in one 1.6 ml microcentrifuge tube. Two to
three volumes (1 ml) of saturated sodium iodide were added and incubated at 45°C to
55 °C to dissolve the agarose. Five microliters of the Glassmilk suspension (Bio 101)
were then added, vortexed and incubated on ice for 5 min to allow binding of the DNA to
the Glassmilk beads. The DNA/Glassmilk complex was pelleted by micro-centrifugation
for 5 sec and the supernatant was removed. The pellet was washed three times with
500 pi of the manufacturer's NEW solution (consisting of NaCl, EDTA and Tris-HCl).
The DNA was then eluted with 5 to 10 pi of TE buffer or sterile distilled water by
incubating the beads at 45 °C to 55°C. The Glassmilk beads were then pelleted by
centrifugation for 30 sec and the supernatant containing dissolved DNA was transferred to
a new tube. A second elution into 5 to 10 pi of TE was also collected to recover any
residual DNA.
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E. Gel electrophoresis
1. Mini-gels
Mini-gels, used routinely to screen and quantitate DNA, were prepared with
approximately 30 ml of 0.8% Seakem GTG agarose (FMC, Rockland, ME) in IX TAE
buffer containing ethidium bromide (final concentration 0.25 pg/ml), and allowed to
solidify at room temperature for approximately 30 min. After transfer of the gel to the
electrophoresis apparatus (Minnie Submarine Agarose Gel Unit Model HE33, Hoeffer
Scientific Instruments, San Francisco, CA.) containing IX TAE electrophoresis buffer
(ethidium bromide at final concentration of 0.25 pg/ml), the DNA samples were loaded
into the wells with a micropipet. DNA size markers were added as appropriate, including
a one kilobase ladder (Bethesda Research Laboratories Life Technologies Inc.,
Gaithersburg, MD; 75 bp to 12.2 kb; 200 ng) and high molecular weight markers (BRL;
8.3 to 48.5 kb; 500 ng). Gels were run at 30 to 50 volts for 1 to 3 hr depending on the
DNA size and the separation desired.
Larger gels (14.5 cm x 20 cm), used to separate larger genomic fragments, were
prepared with 200 ml of 0.8% Seakem GTG agarose (FMC) in IX TAE containing
ethidium bromide, as stated above. The gels were run in a MAX Submarine Agarose Gel
Unit Model HE99 (Hoeffer) for 18 h at 30 volts to separate the 5 to 12 kb genomic
fragments.
Small gels were observed on a Foto/Phoresis I unit (Fotodyne Inc., New Berlin,
WI) with ultraviolet light (approximately 300 nm) while large gels were observed on a
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UVP TM-36 transilluminator (UVP, Inc., San Gabriel, CA). The gels were photographed
with a Polaroid camera (Fotodyne DS 34, Fotodyne) using the Polaroid high speed
coaterless black and white professional instant pack film 667 (Cambridge, MA) and
exposed for one second at f4.5 and f8 for the small and large gels, respectively. If
quantitation of the DNA migration was required, a UV ruler was placed adjacent to the
gel being photographed. Additionally, the Bio Image Visage software (Millipore,
Bedford, MA) was used to determine the fragment sizes.
2. PFGE gels
About one-sixth of the embedded DNA plug was sliced off using a glass cover
slip and loaded into the running gel (SeaKem GTG agarose, FMC) well with an alcohol
flame-sterilized bent Pasteur pipet using caution to keep the slice as intact as possible.
The gel was loaded into the electrophoresis unit filled with PFG-TBE buffer and the
voltage pulse time and run time were set according to the instrument manufacturer’s
recommendation (LKB-Pharmacia). In order to obtain an optimal separation and an
accurate size determination, several running conditions of PFGE were used. In most
cases, for the separation of DNA fragment sizes ranging from 5 kb to 30 kb, a pulse time
of 0.5 sec was used. Similarly, for fragments from 30 kb to 300 kb, 25 sec, for fragments
from 300 kb to 600 kb, 45 sec; and for 600 kb to 1100 kb, 100 sec was used. It was
possible to integrate all these different pulse times in phases and in one run to obtain most
DNA fragments of any particular enzyme. With this overview a distinct pattern of each
restriction enzyme was obtained. Low Range, Lambda ladders and Saccharomyces
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cerevisiae chromosomes (New England Biolabs, Inc., Beverly, MA) were used as DNA
standard markers.

F. Determination of the DNA concentration
For evaluation of the DNA concentration, 1 jal of the DNA was mixed with 7 jil of
TE buffer and 2 |il of 6x loading buffer, and run on a 0.8% Seakem GTG agarose (EMC)
gel in lx TAE buffer containing ethidium bromide (final concentration
0.25 |-ig/ml). A 200 ng aliquot of the 1 kb DNA ladder was run as a control, and its
fluorescence intensity was compared with that of the DNA being tested to determine the
relative concentration of the DNA.

G. Restriction enzyme digestion
Generally 10 pi aliquot of reaction mixtures were prepared with 1 pi of plasmid
DNA (100 to 500 ng), 1 pi of lOx enzyme reaction buffer, 0.5 to 1 pi (5 to 10 units) of
restriction enzyme and water or TE buffer. Following incubation at 37°C for at least 1 h,
the enzyme was inactivated at 65 °C for 10 min and 2 pi of 5x stopping mixture was added
to stop the reaction. The DNA mixture was separated on a mini-gel.
A larger volume of the reaction mixture was prepared for larger gels, depending on
the comb used. The 20-well comb held up to 35 pi. Thus, genomic DNA (5 pg), 5 to 10
units of restriction enzyme, 2.5 pi of lOx reaction buffer and water to 25 pi were mixed.
The DNA was digested from 1 h to overnight in a 37° C water bath and then terminated by
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heating to 65°C for 10 min. Six |al of 5x stopping mixture was added and the samples
were run on the large agarose gel.

H. DNA hybridization
1. Southern blotting of PFGE gels
a) Capillary Method
Following electrophoretic separation of DNA in an agarose gel, the gel was stained
in 5 pl/ml ethidium bromide in water or 0.5x TBE for about 30 minutes, then destained for
3 hours before photographs were taken on an UVPTM-36 transilluminator (UVP, Inc, San
Gabriel, CA) and Polaroid 667 film exposed for one second at f/5.6 or f/8. A UV sensitive
ruler was placed on the gel and photographed to serve as a marker. The gel was then
placed over the transilluminator and exposed to UV light for 5 minutes and depurinated in
400 ml 0.25 M HC1 on an Orbital Shaker (Bellco Biotechnology) for
30 minutes. It was transfered to 400 ml of denaturation buffer (0.5 M NaOH, 1.5 M
NaCl), shaken for 1 hour and transfered to 400 ml neutralizing solution (0.5 M Tris-HCl
(pH 8.0), 1.5 M NaCl for 1.5 hour.
DNA was transferred from the gel to either a nitrocellulose or a nylon membrane
using the Southern transfer method (Southern, 1975; Maniatis et al., 1982).
Nitrocellulose (Schleicher and Schuell, Inc., Keene, NH; 0.45 pm mesh) was used for
single probe analysis of a membrane, whereas nylon (Nytran [Schleicher and Schuell, Inc.]
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or Hybond-N+ [Amersham Corp., Arlington Heights, IL]; 0.45 jam mesh) was used for
multiple probings.
The gel was placed on top of a glass plate, and this gel was kept hydrated by
means of a filter paper wick in 500 ml of 1 OX SSC buffer. Next, a piece of nitrocellulose
membrane was placed on top of the gel, after which the edges were covered with plastic
wrap. Four sheets of Whatman (Clifton, NJ) #3, or one sheet of gel blot paper
(GB003 [Schleicher and Schuell, Inc.]), were placed next, followed by a four inch stack of
flattened paper towels. Finally, another glass plate was placed on top and weighted with a
heavy object. After blotting overnight, the membranes were baked at 80°C for 2 h.
b) PosiBlotR Pressure Blotter Method
Pre-treatment of the gel was done as above. The membrane support was placed
screen side up in the buffer collection base of the Pressure Blotter (Strategene, La Jolla,
CA). A prewetted Whatman paper (3MM) was placed on top of the membrane support
and then a Hybond-N+ Nylon Transfer Membrane (Amersham) cut to the size of the gel
was placed on the top of the 3MM paper. Care was taken to avoid bubbles between the
paper and the membrane and any wrinkles were smoothed out before a plastic mask in
which a rectangular hole slightly smaller than the size of the gel was cut was laid on top of
the membrane. The treated gel was placed over the mask such that the upper edge of the
rectangular hole lines up below the row of wells and the other 3 edges are overlapped by
the gel. A cellulose sponge previous soaked in the transfer buffer (lOx SSC) was raised
and held horizontally to allow the excess buffer to drain and was then gently laid over the
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gel assembly. A lid was placed on top of the apparatus and clamped down. The Pressure
Control Station was turned on and the pressure was adjusted to 75 mm Hg. The gel was
blotted for 30 minutes and using a pencil, the gel was pierced at the lanes and the position
of the wells was marked on the membrane. The membrane was removed, placed on a
paper towel. Once the membrane is free of standing liquid, but not dry, it was placed in
the Stratalinker™ UV crosslinker and crosslinked for 1 minute.
2. Prehybridization
Rapid hybridization buffer (15 ml, Amersham Co., Arlington Heights, IL) was
added to the hybridization bottles (Bellco, Vineland, NJ) containing the blotted HybondN+ membranes prewetted with 2x SCC and rolled in between nylon mesh sheets. The
bottles were rotated in Hyb-Aid oven (National Labnet Co., Woodbridge. NJ) for at least
two hours at 65°C.
3. DNA labelling and hybridization
Labelling of DNA fragments in low melting point agarose gel slices was done
using Megaprime™ DNA labelling system (Amersham Co.). The desired bands were
excised with the minimum of excess agarose and transferred to a microcentrifuge tube.
Water was added at a ratio of 3 ml per gram of gel and placed in a boiling water bath for 5
minutes to melt the gel and denature the DNA. An appropriate volume containing at least
25 ng of DNA was removed and added to the primers (5 pi) as indicated in the labelling
protocol. The mixture was heated to 95-100°C for 5 minutes in a boiling water bath to
denature the DNA. After spinning the tube briefly to bring the contents to the bottom, 10
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jil of the labelling buffer was added. Then 5 |al of labelled dNTP was added followed by 2
(j.1 of Klenow DNA polymerase, mixed by pipetting up and down. The mixture at a final
volume of 50 pi was spun for a few seconds to bring the contents to the bottom of the
tube and incubated at 37°C for 30-60 minutes. The labelled probe was then denatured
again by heating to 95-100°C for 5 minutes, then was added to the pre-hybridization
solutions in the glass bottles and the bottles were rotated in the Hyb-Aid oven at 65 °C
overnight.
4. Stringency washes and autoradiograph
The membranes were washed twice for 10 minutes with 50 ml of 2x SSC, 0.1%
(w/v) SDS at room temperature, twice for 15 minutes in 50 ml lx SSC, 0.1% (w/v) SDS
at 65 °C and once for 15 minutes in 0.7x SSC, 0.1% (w/v) SDS at 65 °C. After the final
wash, each membrane was wrapped in plastic wrap and placed on a supporting paper.
This was then put in a Kodak X-Omatic autoradiograph cassette with double sided Kodak
Lanex Fined intensifying screens (Eastman Kodak Co., Rochester, NY). The membranes
were autoradiographed using the Kodak film X-OMATIC XAR-5 (Eastman Kodak Co.)
or Fuji film (Fuji Photo Film Co, LTD, Japan). The exposure time was estimated by
readings from the handheld Geiger counters (Ludlum Measurements, Inc., Sweetwater,
TX). It ranged from few hours to overnight. After the exposure time the film was
developed by using a Konica medical film processor QX-70.
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5. Dehybridization of membranes for reprobing
Membranes which were to be reprobed required removal of the bound probe
DNA. For this purpose, nitrocellulose membranes were submerged in 0.1% SDS, and
allowed to boil for 30 to 60 min, after which they were cooled to room temperature.
Nylon membranes were soaked in 0.4 M NaOH at 45 °C to 55 °C for 30 min, after which
they were transferred to a solution of O.lx SSC, 0.1% SDS and 0.2 M Tris-HCl (pH 7.5)
for 30 min at 45°C to 55 °C. If the radioactive probe to be removed was fresh, the
membrane was exposed to X-ray film to verify complete removal of the isotope.

I. Electroporation
1. Preparation of competent cells
Competent cells were prepared for electroporation by the procedure developed by
Bio Rad Laboratories (Richmond, CA). An overnight culture was diluted 1/100 into one
liter of fresh L broth. Cells were grown on a Gyrotory platform shaker (New Brunswick)
at 37°C with vigorous aeration to an A600 of 0.5 to 0.8. The culture was chilled on ice for
15 to 30 min, and then centrifuged in a cold GSA rotor at 5,000 rpm for 15 min. The
pellet was washed twice in cold water (1 and 0.5 liter) and then in 20 ml of 10% glycerol.
The pellet was finally suspended in 2 to 3 ml of 10% glycerol to a final concentration of at
least 3 x 1010 cells/ml. The competent cells were dispensed as 40 pi aliquots into
microcentrifuge tubes and stored at -80 °C.
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2. Transformation
The Bio Rad Gene Pulser (Richmond, CA) was used for electroporation at the
following settings: 25 pF, 2.5 kV and 200 ohms. One to 5 pi of DNA (10 to 50 ng) was
added to the thawed competent cells, which were then transferred to chilled 0.2 cm
cuvettes. Excess salts in the cells or in the DNA resulted in arcing. This was eliminated
by further washing of the cells or reprecipitation of the DNA in water. Immediately after
electroporation, 1 ml of SOC medium was added, mixed gently with a Pasteur pipette, and
incubated at 37°C for 1 h to allow expression of the antibiotic resistance genes encoded
by the plasmid. Aliquots of 10 to 100 pi were spread on appropriate selection media
containing antibiotics. Another sample was streaked for isolation of single colonies, if
required.

J. DNA sequencing
DNA sequencing was performed either by manual or by automatic sequencing. In
both cases the Sanger's dideoxy termination method (Sanger, et al., 1977) was used. In
the manual sequencing, the protocol of the SequenaseR kit (United Biochemical Co.,
Cleveland, OH) was followed and [a-35S]-dATP was used as the labelled nucleotide.
In manual sequencing, 18 pi of plasmid DNA to be sequenced (approximately 2 to
4 pg) was transferred to a microcentrifuge tube and 2 pi of 2 M fresh NaOH was added to
denature the DNA. The content was incubated at room temperature for 5 minutes and
then 8 pi of 5 M ammonium acetate (pH 7.5, filter sterilized) and 100 pi of cold absolute
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ethanol were added to neutralize and precipitate the denatured DNA. After an incubation
of 30 minutes at -20 °C, the sample was centrifuged at full speed in a microcentrifuge at
4°C for 30 minutes. The pellet was washed twice with 500 pi of cold 70% ethanol, then
dried in a desiccator or a Speed-Vac.
The dried pellet was dissolved thoroughly in 7pl of water by pipetting up and
down gently. The annealing reaction was performed in a 10 pi final volume which
contained 2 pi of Sequenase reaction buffer, 1 pi of primer (Integrated DNA
Technologies, Inc., Coralville, LA) and 7 pi of the plasmid DNA (template). The mixture
was heated in 65°C water bath in a beaker for 2 minutes and then the beaker was removed
from the water bath and placed on the bench and the water temperature in the beaker was
monitored until cooled down to less than 30°C at which the samples were taken out and
placed on ice. (approximately 30 minutes). While the mixture was cooling down, the
termination reaction tubes were prepared, labelled and filled with 2.5 pi of each dideoxy
termination reaction [United States Biochemical, (USB), Cleveland, OH].
The labelling mixture provided by USB was diluted 1:5 or 1:15 in sterile distilled
water in order to obtain sequence information for 500 bases or for 30 bases from the
primer, respectively. The enzyme was also diluted 1:8 in the cold enzyme dilution buffer
provided by the manufacturer. Then, 1 pi of dithiothreitol (100 mM), 2 pi of diluted
labelling mix, 0.5 pi of [a-35S]dATP(l,250Ci/mmol) and 2 pi of diluted Sequanase enzyme
were added to the cooled annealing reaction tube and the mixture was incubated at room
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temperature for 2 to 5 minutes. While incubating, the capped termination tubes were
transferred to a 37°C water bath.
After a 2-5 minutes incubation at room temperature, 3.5 pi of the labelling reaction
was immediately transferred to each prewarmed termination tube (G, A, T and C) spun
with CAPSULE Tomy HF-120 (Tomy Tech USA, Inc., Palo Alto, CA), capped and
placed into 37 °C water bath for 5 minutes. Reactions were stopped by adding 4 pi of
Stop Solution to each tube and placing them on ice.
The sequencing gel was prepared by pouring 99 ml of Instagel (8% polyacrylamide
and 42% urea gel) into a 250 ml beaker and degassing under vacuum. One ml of 10%
ammonium persulfate and 10 pi of TEMED were added to the gel solution, mixed and
transferred to a squeezable plastic bottle. Plates were prepared by washing them with
plenty of soap and water and wiped dry with paper towel. One side of one clean glass
plate was coated with Gel Slick™ (AT Biochem, Marvem, PA).
After 5 minutes, the plate surface was wiped with paper towel to remove haze.
The other plate was treated differently by only wiping its cleaned side with isopropanol
and tissues. The spacers were intercalated along the edges of the cleaned side of the long
plate and the short plate was placed on the top, cleaned side against the coated side of the
long plate. At least three clamps were placed on each side to hold the plates together and
the assembled glass plates were placed horizontally on top of a culture tube rack.
The gel solution was poured between the glass plates, by squeezing the plastic
bottle and letting the gel solution move by capillary action. Some tapping was sometimes
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necessary to avoid the formation of any bubbles. When the gel reached the far end of the
plates, a sharktooth comb was inserted in the near end between the plates by pushing in
the straight edge of the comb. The plates were covered and left in that position for about
two hours.
The plates were then mounted on a Model S2 Sequencing Gel Electrophoresis
System (BRL, Gaithersburg, MD). A buffer (lx TBE) was poured in the top and the
bottom chambers according to manufacturer's instruction and the comb was pulled out
from the plates. Wells were flushed with a syringe containing the buffer to remove gel
debris from them. The comb was then inverted and inserted gently against the straight
edge so that the teeth barely touched the gel. The gel was pre-run for 30 minutes at
60 watts. Samples were heated to 75°C for 2 minutes immediately before loading. The
gel with samples was run for 2 to 5 hours at 60 watts. After the run, the plates were
removed from the apparatus and set aside to cool for about 10 minutes before they were
separated by pushing a spatula between them. The upper plate was removed and the gel
was transferred onto a Whatman 3MM paper, by firmly pressing on the gel surface and
peeling the paper and the gel off the plate. The gel was covered with plastic wrap and
dried under vacuum at 80°C for 1 to 2 hours. Autoradiography of the gel was performed
by exposing it overnight to Fuji medical X-ray film (Fuji Photo Film Co.). Sequences
were read and analyzed using PC/GENE software.
The automated sequencing was performed by the core facility of the Center for
Molecular Biology and Gene Therapy (Loma Linda University, Loma Linda, CA).

63
Sequencing reactions ( denaturation, annealing and extension ) were performed using a
thermal cycler (Gene Amp PCR System 9600 Perkin-Elmer Cetus ). A template of 5.0 pi
plasmid DNA (approximately Ipg DNA) was transferred to a 0.6 pi microcentrifuge tube
containing 9.5 pi of Terminator Premix and 3.2 pmol of primer. Water was added as
required to make up the volume of 20 pi.
The reaction mixtures were cycled (Perkin-Elmer Cetus Model 9600) after
overlaying the reaction mixture with one drop of mineral oil and placing them in a thermal
cycler preheated to 96°C. The thermal cycling was begun immediately as follows: rapid
thermal ramp to 96°C ; 96 °C for 30 seconds; rapid thermal ramp to 50°C; 50°C for 15
seconds; rapid thermal ramp to 60°C; 60°C for 4 minutes for a total of 25 cycles.
Samples were then purified using spin columns to remove excess Dye-Deoxy terminators
from the completed sequencing reactions. Centri-Sep™ spin columns (Princeton
Separations) were used according to the Manufacturer's instructions. Samples were dried
in a vacuum centrifuge and a mixture of 5 pi deionized formamide and Ipl of 50 mM
EDTA (pH 8.0) was made.
This mixture (4 pi) was added to the pellet in each tube and agitated vigorously to
resuspend completely the dry residue. The solution was centrifuged briefly to collect the
content at the bottom of the tube.

When the gel was ready for loading, samples were

heated at 90°C for 2 minutes to denature them and were transferred immediately kept in
ice before loading onto an Applied Biosystems 373A DNA sequencer.
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After an overnight run, sequences were printed out with chromatograms or were
saved on a floppy disk and were converted to PC/GENE (Intelligenetics, Inc.) format for
further manipulation and formation of contig or were analyzed directly with SequencherTM
software (Gene Codes Corporation, Ann Arbor, MI).

RESULTS

PART I. THE STUDY OF THE 98 MIN REGION OF S. typhimurium LT2
A macro-restriction map of S. typhimurium LT2 constructed with the rare cutting
enzymes, Bln\, Xbal and I-OmI exists (Liu et al, 1992; Wong et al., 1992; Liu et al..
1993). By taking advantage of many TnlO insertions in the 98 min region and the fact
that both Xbal and Blnl enzymes have sites in TnlO (one and two respectively), it was
possible to study this region in more detail. Xbal cuts the chromosome in 24 fragments
and Blnl in 12.
When the genomic DNA of a strain with TnlO insertion is digested with Xbal, the
fragment in which TnlO is inserted disappears and two new fragments may be detected.
The sizes of the two new fragments depend on where the TnlO is inserted in relation to
the original Xbal site. The sum of the new fragments should equal the length of the
missing one plus 9.3 kb which is the length of the transposon. It is therefore possible to
determine the location of this insertion by analyzing the sizes of the new fragments and
comparing them to the original band of the wild-type strain.
Several examples of genomic digestion patterns are shown in Fig. 6. The DNA in
lane 2 (Fig. 6) is from a S. typhimurium strain #2466 which has a TnlO insertion in pyrB
gene located in a fragment called A (1,600 kb in size, Liu et al., 1992). When digested
with Blnl, the A band disappears and at least two new bands appear, one of 1300 kb and
the other of 300 kb. Actually there should be three new bands because TnlO itself is cut
into three fragments, since there are two Blnl sites in TnlO located in its IS70 component
(Fig. 5).
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Figure 6. A. Digestion of S. typhimurium LT2 strain pyvBv.TnlO and serB965\\TnlO
with Blnl. Lane 1, Low Range ladder. Lane 2, strain #2466 with TnlO insertion in pyrB
gene. Lane 3, not used. Lane 4, S. typhimurium LT2 wild type. Lane 5, not used. Note:
Band A=1600 kb disappears and two new bands 1300 kb and 300 kb (approximately)
appear. Lane 5, not used. Lane 6, strain #165 with TniO insertion in i'erR. (New bands:
1150 and 450 kb). Pulse conditions: 125 sec for 17 hr, 100 sec for 13 hr and 45 sec for
12 hr. Voltage was 5.5V/cm. B. Autoradiogram of the panel A. Hybridization with
plasmid pNK474 containing TnlO transposon. Three bands are visible in all strains with
TnlO insertions but the wild type has only one band. The last band (arrow) corresponds to
the 8.1 kb middle fragment of TnlO. The one is the TnlO middle fragment.
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The TnlO middle fragment is too small (about 8.1 kb) to be resolved in normal
PFGE conditions (Fig. 6A). When the same strain is digested with Xbal, the 365 kb
fragment called E (Liu et al, 1992) of the wild type strain disappears and two new ones,
305 kb and 60 kb appear (Fig. 7A lane 5). The second 60 kb fragment (arrow) is not
obvious because it is comigrating with preexisting fragments of about the same size. To
make sure that this fragment was actually there, DNA Southern hybridization method was
used to confirm its existence using the plasmid pNK474 containing the transposon TnlO
(Way etal, 1984) (Fig. 7B).
The DNA in lane 3 (Fig. 7A), is from a strain with TnlO insertion in the same
fragment (fragment E=365 kb which disappears when Xbal digested), the two expected
new fragments appear but a third band of about 120 kb also appeared. This unexpected
fragment seems to indicate that there may be another TnlO insertion somewhere else on
the chromosome. Analyses of more that 10 strains in this fashion, combined to the
established genetic map, (Liu et al., 1992) permitted the site of this TnlO insertion to be
assigned to the 365 kb Xbal fragment for most strains (Table 4).
An attempt to do the same analysis using Blnl restriction enzyme was not as
successful because Blnl fragments were not displaying a constant pattern in some strains.
It was difficult to distinguish fragments in some strains which were either from partial
digestions or from TnlO insertions. Fig. 8A lanes 1 and 5, however, shows that the
distance between pyrB and serB is at least about 150 kb. A good confirmation of Xbal
analysis.
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Figure 7. A. PFGE patterns of Xbal digests of the genome of S. typhimurium LT2
strains with TnlO insertion in various genes. Ethidium bromide stained gel following
DNA digestion. Lane 1, strain #147 TT159 ^r-967::Tn70. Lane 2, strain #212 SL5283
serBwTnlO. Lane 3, strain #213 SL5283 argh.TnlO. Lane 4, strain #2464 wild type.
Lane 5, strain #2466 TT460 pyrBv.TnlO and lane 6 was lambda ladder. Note the
disappearance of the 365 kb fragment (arrow) and the appearance of a 305 kb fragment
(arrow) in lanes 3 and 5. The second new fragment is comigrating with a 60 kb regular
fragment (arrow). PFGE conditions: 45 sec for 18 hr and 25 sec for 16 hr at 5.5 V/cm.
B. Autoradiogram showing a Southern hybridization between pNK474 and Xbal digests
of the genome of S. typhimurium LT2 strains with TnlO insertion. Lane 1, lambda
ladder. Lane 2, strain #166 TT147 LT2 arg/1833::Tn70. Lane 3, strain #213 SL5283
arglv.TnlO. Lane 4, strain #529 TT147 TniO (70% to argl). Lane 5, strain #2464 wild
type and Lane 6, strain #2466 TT460 pyrBv.TnlO. Note the appearance of two bands for
each strain.

70

A

60

71
Table 4. S. typhimurium LT2 strains with InlO insertion in the 98 min region used in the
assignment of various genes to Xbal fragments.
Strain #
166
213
216
2466
529
536

Mutation
TnlO insertion
in or close to
argl
argl
pyrB*
pyrB
argf
argf

Fragment missing

Sizes (kb) of new fragments

E* (365 kb)

316 + 49
306 + 59
307 + 58
313+52
303 + 62
338 + 27

9?

9?

a 98% to pyrB
b 70% to argl
c 97% to argl
* Band appellation from Liu and Sanderson, 1992.
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Figure 8. A. PFGE patterns of Blnl digests of S. typhimurium LT2 strains.
Lane 1, lambda ladder. Lane 2, strain #148 with TniO insertion in TT191 thr-551:\TnlO.
Lane 3, strain #1022 S. typhimurium DB9159 thy deo+-TnW (zji4021::Tnl0). Lane
4, strain #1011 S. typhimurium DB9159 thy deo+-Trrfd (zji4022::Tnl0). Lane 5, strain
#2466 S. typhimurium LT2 pyrBwTnlO. Lane 6 is strain #2464 wild type. Lane
7 lambda ladder and lane 8 is yeast chromosome. Note the disappearance of the largest
band A (1600 kb) and the appearance of two new bands (1300 kb and 300 kb). Pulse
conditions: 125 sec for 17 hr, 100 sec for 13 hr and 45 sec for 12 hr. The voltage was
5.5V/cm B. Autoradiogram showing Southern hybridization with pXC2 (hsdRhT^).
Lane 1, strain #2466 S. typhimurium LT2 pyrB::Tnl0. Lane 2, strain #166 TT147 LT2
argHS33::TnI0. Lane 3, strain #213 SL5283 argI::Tnl0. Lane 4 is strain #2464 wild
type. Note only one band corresponding to the 1300 kb fragment in strains with TnlO and
1600 kb in the wild type. The lambda ladder and yeast chromosome do not show any
hybridization.
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One of the R-M systems located in this area is S/yLTII (former hsdSB) and the
location of the hsd genes relative to Xbal or Blnl sites is not clear. In order to try to map
the hsd gene on the fragment, DNA hybridization was performed using pXC2 (cloned
hsdR of S/yLTII) as a probe. Whereas TnlO hybridized to both fragments as shown
above, pXC2 only hybridized to the large fragment of about 1300 kb on Blnl digests
(Fig. 8). This result shows clearly that hsdRL1^ of S. typhimurium LT2 system is located
on the 1300 kb Blnl fragment. The distance between the Blnl site and the hsdR gene has
to wait for further analysis. The assignment of various TnlO insertion sites relative to the
Xbal and Blnl sites enabled us to make the restriction map of the 98 min region (Fig. 9).
This figure shows that the size between pyrB and serB is about 125 kb. The argl is
situated on both sides of pyrB, this may due to a double TnlO insertion in the region and
the one on the left of pyrB may not be in the right place (see discussion). The restriction
map also shows that thr is about 25 kb from serB.

--0
U\

Figure 9. Constructed restriction map of the 98 minute region of S. typhimuriwn LT2 using TniO insertions. The relative position of
hsdLTXi is not known. Definition of B and E bands are from Liu et aL, (1993). (Drawing not to scale).
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PART II. MACRO-RESTRICTION MAP OF K. pneumoniae GM236
A. Estimation of the Genomic size of K. pneumoniae GM236
The ultimate goals for digesting genomic DNA of K. pneumoniae GM236 were
the determination of its genomic size and the construction of a useful physical map. It is
also our interest to determine the location of the KpnBI R-M system and compared it to
the location of the KpnAI R-M system recently constructed (Randriamahefa, 1994). In
selection of the restriction enzymes to be used, the relatively high G+C content (56-58%)
of K. pneumoniae genome was taken into consideration (Randriamahefa, 1994). Two
restriction endonucleases (Xba\ and Bin!) used by Randriamahefa (1994) were also used
in this study. The cutting sites of these enzymes include a rare tetranucleotide CTAG in
enterobacterial genomes probably occurred from a bias of T:G mismatches at a 5'CTAG/5-CTGG position by the very short patch repair system (McClelland et al., 1992).
A third relatively new enzyme l-Ceul (Marshall and Lemieux, 1991) was also used. This
enzyme is encoded by a group-I family mobile intron in the chloroplast large subunit
ribosomal RNA gene of Chlamydomonas eugametos.
After DNA digestions with respective restriction enzymes, several electrophoretic
runs performed under various conditions were undertaken to identify each fragment.
Fragments generated by Blril, \-Ceu\ and Xba\ were designated B1? B2...; Q, C2... and X,,
X2... , respectively in order of their decreasing sizes.
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1. Cleavage by Xbal restriction enzyme
A pulsed field electrophoretic run under specific conditions, (for example, 45s for
16 hr and 25s for 10 hr at 5.5V/cm), can separate most fragments fairly well and thus give
an overall pattern of this digest (Fig. 10). Individual fragments larger than 50 kb are well
separated except for two clusters (X7 and X8) and (X9-Xn). Additional runs under
different conditions in order to further resolve this region did not improve the resolution
much but it was clear that this region contained at least 5 bands and some of them are only
7 to 15 kb apart. Even after further resolution, fragment X7 did not exhibit a monotonic
reduction in ethidium bromide fluorescence intensity (Fig. 10A or Fig. 1 IB lane 1)
(arrow). Although another run using a new pulse time and switch time was performed to
exclude the possibility of a doublet, the result was not conclusive. A sure way to ascertain
that a multiplet band is not overlooked is to isolate the fragment from the gel, digest it
again with another restriction enzyme which has a cutting site in one fragment, and end
label the fragments. When the fragment sizes are determined after another run the sum
should give the real size of the fragment in study (Krueger, personal communication).
For fragments less than 50 kb, another run was performed under special conditions
targeting smaller fragments to make sure that all fragments are accounted for (Fig. 10C).
Even though it is hard to prove that I have seen all the fragments. Xbal digestion
generated at least 22 fragments in total ranging in size from 625 kb to 10 kb (Table 5).
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Figure 10. Xbal digest of the GM236 genome separated by PFGE. Electrophoresis was
performed in 1.2% agarose gel and 0.5X TBE buffer cooled at 14° C and 7.0V/cm. The
ethidium bromide-stained gel was photographed after 30 minutes destaining in distilled
water. A. Lane 1 and 3, overall pattern of Xba\ digest. Lane 2, lambda ladder. Pulse
time was 45 sec for 16 h and 25 sec for 10 hr. B. Xbal and Blnl digests of the GM236
genome targeting the 300 kb region. Lane 1, lambda ladder. Lane 2, Blnl digest. Lane 3,
Xbal digest. Pulse conditions: 45 s for 4 hr and 18 s for 40 hr in 1% low melting agarose .
Voltage was 5.5V/cm. C. Resolution of small fragments of less than 50 kb of GM236
genome. Lane 1, lambda ladder. Lane 2, Xbal digest. Lane 3, Blnl digest and lane 4, low
range marker. Pulse time 25 sec for 10 hr, 0.8 sec for 18 hr and 0.5 sec for 3 hr. Voltage
is 6.5 V/cm.
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Table 5. Restriction fragments generated by digesting chromosomal DNA of K.
pneumoniae GM236 with Blnl, Xbal and 1-CeuI restriction enzymes. Sizes are
in kilobase pairs.

Fragment
designation

Size

Bi

1070
500
416
398
354
336
322
195
188
150
133
111
73
59
42
40
38
33
20
18

b2

B3
B4
b5

B6
B7
B8
b9
Bio

Bn
Bi2
B]3

B14
b15

B16
Bj7
Bis

Bi9
B20

Fragment
designation

X2
X3
X4
X5
X6
X7
X8
X9
X10
Xn
X12
X13
X14
X15
X16
X17
X18
X19
X 20
X2i

X22
Total

4496

Size

Fragment
designation

Size

625
495
450
384
353
296
267
254
237
230
214
154
127
112
82
72
48
42
40
40
30
10

C,
C2
C3
C4
C5

2400
775
525
400
345
105
95
45

4562

Q
C7
C8

4690
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Figure 11. A. Bln\ digest of the K. pneumoniae GM236 genome separated by PFGE.
Lanes 2-4, overall pattern of BlnY digest. Lanes 1 and 5 are lambda ladder. Pulse time was
45 sec for 16 hr and 25 sec for 10 hr. B. Resolution of fragments of the GM236 genome
around 200 kb. Lane 1, Blnl digest. Lane 2, Xbal digest and lane 3 was lambda ladder.
Pulse time was 100 sec for 2 hr, 125 sec for 2 hr and 45 sec for 28 hr and the voltage was
5.5V/cm.
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2. Cleavage by Blril restriction enzyme
The pulsed-field gel electrophoretic run for Blnl digestion of K. pneumoniae
GM236 is shown in Fig. 11 A. This figure shows the overall pattern of this digestion. The
two first upper bands do not appear as broad as the following because they are located in
the compression zone area for this run. Because of the wide range of fragment sizes, runs
were performed again targeting different zones: the zone of upper fragments, middle
fragments and lower fragments. The run targeting the upper bands (Fig. 1 IB), fragment
B8 which appears as a singlet on Fig. 11A shows clearly here as two distinct bands
(Fig. 11 B, lane 2 arrow). The low molecular weight fragments of less than 48 kb were
resolved by applying two different short pulses (Fig. IOC lane 3). The fact that there are
four bands in the 48 kb region presented a difficulty in identifying with certainty these
fragments.
A total of 21 fragments were identified from Blnl digests and their sizes ranged
from 1070 kb to 18 kb (Table 5). The size of the largest fragment (Bj) is a rough estimate
because the standard marker (yeast chromosome) used did not show consistent results and
also the fact that for most runs the zone containing this fragments was compressed and the
lambda ladder cannot be well resolved at that high molecular weight.
3. Cleavage by \-Ceul restriction enzyme
Fig. 12 shows the overall pattern of chromosomal digestion with I-Ce«I. This
enzyme cuts rrl genes for large subunit (23S) rRNA. Only 8 fragments were obtained
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Figure 12. \-Ceu\ digest of K. pneumoniae GM236. Lanes 1, 4, 7, 10, 13, and 15,
l-Ceu\ digests. Lane 3, Yeast Chromosome. Lanes 8 and 16 Lambda ladder. Lanes 2, 5,
6,9 11, 12, and 14 not used. Only seven fragments are visible from this ethidium
bromide-stained gel.
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ranging from 2400 kb to 45 kb (Table 5). The size of the largest fragment, which
presented some resolution problems associated with its large size and the behavior of the
cutting enzyme, was estimated comparing it to the yeast chromosome and E. coli fragment
of similar size. In most runs this fragment was missing probably because its size kept it in
the well or depending on certain conditions, the enzyme may have not released the
fragments after cutting them since l-Ceu\ has a great affinity for DNA. Most researchers
are now applying proteinase to release DNA fragments after digestion (Krueger, personal
communication). For other fragments, the size estimation was derived from more than 10
runs. Lambda ladder was used as a standard marker.
4. Estimation of the fragment sizes
The size of each fragment (Table 5) was determined by comparing its migration in
the gel with that of molecular DNA markers. Standard curves of molecular markers in
which the logarithm of the molecular weight versus the distance the fragment traveled
from the well was plotted for each run. The size for each fragment then was obtained for
each run and the mean was used as an average size for that fragment. From each enzyme
digest the total size of the genome was estimated by adding the sizes of all fragments.
For Xbal, the genome size is 4562 kb ± 1.7% Bln\, 4496 kb ± 2.3% and I-Ce«I
4960 kb (Table 5). The average of the genome size of these three enzymes is 4582 kb. It
was reported that GM236 has a 150 kb plasmid (Lee, 1994). Electrophoresis of large
circular DNA is complicated by the tendency of circles to become trapped in the agarose.
When they do move, the mobility depends on the forms they are in. The closed-circular
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supercoiled forms move very slowly in pulsed field gels and relaxed or nicked forms
remain trapped in the sample wells (Levene and Zimm, 1987; Suwanto and Kaplan, 1989).
Only the linearized forms, which are absent from many preparations, migrate at rates that
allow accurate size determination by comparison with common linear size markers (Birren
and Lai, 1993). Consequently, many plasmids may go undetected. Since we do not have
any information on whether the enzymes used have cutting sites in the plasmid, this
genome size may or may not include the plasmid. However, it is unlikely that this 150 kb
plasmid has any l-Ceul site since this site has been shown to be found only in ribosomal
genes in enteric bacteria (Liu et al., 1993). This fact suggests that the 4.6 Mb genome
size estimated here for K. pneumoniae GM236 represents the chromosomal DNA.

B. Physical map of K. pneumoniae GM236
The approach used in making the physical map of K. pneumoniae GM236 takes
advantage of important innovations which are revolutionalizing large-scale genome
mapping. Among these innovations is the identification of the enzymes that cut DNA
infrequently and thus give a manageable number of restriction fragments and various
versions of pulsed-field gel electrophoresis which permit the separation of those
fragments.
The physical map was constructed based on DNA cross-hybridization studies.
Bands were isolated from gels after pulsed-field gel electrophoresis (PFGE) and used as
hybridization probes in Southern blot experiments (Table 6). Each PFGE fragment used
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Table 6. Hybridization data. Most membranes were used once. In case the membrane
was used more than once, the date was used to indicate the deprobing time. () indicates
less likely fragment; / indicates unresolved bands and ? indicates a weak signal.
Probes

Fragment(s) hybridized

Membranes used

X!

B1
B5, b9, b12
B3
B1

136A
84C, 136B

x2
X3
X4

X5
X6

b3,b 8

B13

X7

B25 (B8)/B9

X8/(X9)

Be^CBy), B14, B17

X(9-n)io

B25 (Bs/g) B7
Bi, B^, B 12/13’ B18/2o

X12
X13/(X14)
X15
X16

B8, B9
B3, B6 or B7
B7

X 18+
X 19-20

B 4/5’ b7

X21-22

Bio

B1
B2
B3
B4
B(8)/9

Xj, X4, X9, X12, x18
X7, X10

Bio

B 10/11
Bn
B12

B i3

B14
X3
X4
X5
X6
X7
X8
X9.„
X12
B4
B5
B7
b^

B4?

x3,x5

X7, Xn
Xp, x7

x13,x
X3, x7, X13, X21
x3,x7
x5,x12
x9, x13
20/21

Xio> X19?

C2

c
c

Q
C3
C5
C3, C4, C6/7

Q
C2
C4, C5
C5

a

78C

55, 136C
70A, 84B, 141D
57, 63A, 136D
78D
79D
78B
79B, 79C, 80
84A
11A, 70D, 92D
139 A

105B (1/3/95)
105A, 116C
105C, 116B
73A, 92B, 81A
122B, 128A
84A
92A
78C (1/3/95), 137C
104A, 105 A
74A, 92C
101c
104B, 105B, 141B
104C, 105C, 141C

104, 105D
169 A, 147B
161A
151A
160C
166C
164A
160B
166A
166B, 160A
151B
161B
164B
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was labelled first with 32P(dCTP) in low melting agarose gel. Labelled fragments from
one enzyme (i.e. Xbal) digest were used as probes for fragments of the other (i.e. Blnl)
enzyme (Fig. 13).
When one fragment generated by one enzyme hybridized to another fragment
generated by a second enzyme, this was an indication of an overlap between those
fragments. Theoretically, the signal strength of hybridization is directly related to the
overlap of a fragment with the probe, since the probe contains a mixture of labelled,
denatured DNA molecules all shorter than the isolated fragment of the chromosome.
Therefore, the appearance of weak signals can be interpreted as an indication for a partial
overlap between the fragment and the probe.
Most fragments were isolated from agarose gels and labelled as single bands
except for fragments X7-X8 and X9- Xn. In some gels, espcially low melting point
agarose, these fragments did not resolve well and were cut out as multiplets. Others
Xi8-X22 and B18-B20 were too small to be isolated individually.
The construction of the map was started by connecting the B! fragment with the
X! fragment in order based on the hybridization signal (Table 6). Fragment Xj when used
as a probe hybridized to fragment Bj only. This was also the case of fragment X4 But
when fragment X12 was used as a probe it hybridized to fragments Bj, B 6/7’ B12/13’ and
B 18/20- When fragment B1 was used as a probe it hybridized to fragments X1? X4 X9, X12
and X18 (Fig. 14).
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Figure 13. Southern hybridization between chromosomal fragments X4 (probe) and Bv
Panel A shows the position of the map construction based on this hybridization. The
outside circle represents Xbal digests, and the inside circle represents the Blnl digests.
Panel B shows the autoradiograph of the hybridization used to construct that portion of
the map on panel A.
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Figure 14. Southern hybridization between chromosomal fragments E*! (probe) and Xl5
X4, X9, X12 and X18. Bj is a linking fragment. Panel A shows the position of the map
construction based on this hybridization. The outside circle represents Xbal digests, and
the inside circle represents the Blnl digests. Panel B shows the autoradiograph of the
hybridization used to construct this portion of the map on panel A.
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A weak hybridization signal, using B8/9 to

suggested that Xj may be located outside of

these 5 fragments. Using this information, it was possible to determine that fragment X4 is
inside, that Xj is on outside of one end and that X9 and X12 are toward the outside of the
other end vis-a-vis of fragment B
The same approach allowed me to place most fragments in at least four major
clusters. However, these clusters could not be connected together using the information
provided by the two enzymes alone because of the clustering of rare cutting sites; i.e the
tendency of the rare cutting enzymes to cut at the locations close to each other. To
complete the map a third enzyme, l-Ceul, was used first by constructng an l-Ceul physical
map and then identifying the fragments corresponding to l-Ceul fragments. The
construction of an l-Ceul map was based on partial digestion of the genome (Fig. 15). At
a low concentration of the enzyme I-OmI partial digestion resulted in extra bands. In
addition to 8 complete digestion fragments (Table 5), 9 partial fragments of the l-Ceul
digested GM236 (Table 7) were analysed to assemble the l-Ceul physical map (Fig. 16).
Partial fragment 1 was in the compression zone so that its size can not be assessed
accurately but it was more than 2,000 kb. Partial fragment 2 could be the sum of
fragments C2 and C3 or fragments C3, C4 and C5. Partial fragment 3 can arise only from
the combination of fragments C4 and C5. Partial fragment 4 shows that fragments C3 and
C7 are adjacent to each other. Partial fragment 5 establishes a linkage between fragments
C5 and C6. Partial fragment 6 yielded the linkage between the last three l-Ceul fragments
C6, C7, and C8. Partial fragment 7 indicated the possible linkage of fragments C6 and C8
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Figure 15. Partial digestion of GM236 genome with l-Ceul. Thirteen bands are
identifiable. Lanes 1 and 6, Yeast chromosome, lanes 2-5, partial digests. Note the
brightness of partial bands in lanes 2 and 4.
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Table 7. Partial digestion products of the GM236 genome generated by the restriction
enzyme 1-Ceul
#

Partial
fragment
(kb)

1. More than 2,000

2.
3.
4.
5.
6.
7.
8.
9.

1,300
745
570
450
250
200
150
140

3 l-Ceul fragments.

Possible composition3 (kb)

C1(2400)
C2 and C3 (1300) or C3, C4, and C5 (1270)
C4 and C5 (745)
C3 and C7 (620)
C5 and C6 (450)
C6, C7, and C8 (245)
C6 and C7 (200)
C6 and C8 (140)
C7 and C8 (140)
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Figure 16. A physical map of K. pneumoniae GM236 genome. The inside circle
represents TCewI digest, the middle Bin! digest and the outside circle represents the Xba\
digest.
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and the final partial fragment (8) indicated that C7 and C8 are adjacent to each other. The
linkage between the \-Ceu\ fragments of the GM236 genome is thus -Cj-C^Cg-Q-Cg-Qr
C3.C2.Cj and it is circular. From the above information, it is easy to see that fragment C7
can be placed on either side of C8. But the partial fragment 4 gives us another reason to
place it on the side next to C3.
After the l-Ceul map was constructed, at least one fragment in each XbaUBlnl
cluster was selected and used as a probe and hybridized to I-Cewl membrane. When that
fragment hybridized to another fragment of \-Ceu\, the whole cluster was aligned
accordingly to the l-Ceul map. For instance, X4 hybridized to Cj (Table 6) and the whole
cluster containing X4 was aligned to that region.
A summary map is presented as Fig. 16. However, the map presented here is still
incomplete. First, because small fragments in both enzymes (B18-B21) and (X21-X22) were
assigned arbitrarly position on the map, since they were too small to be resolved
adequately in normal PFGE conditions and their molecular sizes did not allow me to
isolate enough DNA for labelling properly. Secondly, the hybridizing fragments seemed to
lack in some cases linking fragments. In some case the hybridization indicated bands
which are not likely to be connected when the other results were examined. For example,
fragment B4 hybridizes to fragment X6 only and vice versa. This does not give me the
information I need to order them on the physical map. Further experiments using other
methods are needed in order to close these gaps. The use of linking clones may help solve
this problem.
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C. hsdR KpnBI gene localization on the physical map
In collaboration with Lee (1994), an effort was made to locate the /wd7?KpnBI
restriction gene on the GM236 genomic Xbal and Blnl fragments newly resolved by
PFGE. A 3.9 kb £a?RI fragment of pNLBl containing the restriction gene was used as a
probe and hybridized to the genomic Xbal and Blnl digests (Lee, 1994). The same probe
was also used to hybridize to the 150 kb plasmid newly isolated from GM236 (Barton,
1995) in order to determine if this restrion gene or part of it is on the plasmid. The probe
hybridized positively to the 40 kb Xbal fragment and a 322 kb Blnl fragment but not to
the plasmid DNA. In reference to the physical map of GM236 just constructed, it can be
concluded that the restriction gene is located on fragment B7 and X 19/20 therefore can be
tentatively mapped at approximately 85-90 min on the GM236 chromosome (Fig. 16).
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PART III. MOLECULAR STUDY OF KpnXl RESTRICTION GENE
A. Introduction
Four clones (pNLAl, pNLA2, pNLA3 and pNLA4) containing the hsdR gene of
K. pneumoniae M5al (fe<i/?KpnAI) were isolated by Lee (1994). They were obtained from
the plasmid library constructed by partially digesting chromosomal DNA with &zw3AI and
ligating them to ItamHI-linearized, dephosphorylated pBR322. When electroporated into
competent M5alR cells (r'KpnAI m+KpnAI) each of these plasmids restored the restriction
function of the mutant (Lee, 1994). The cloned fragment ranged from 4.5 to 10.5 kb.

B. Subcloning of pNLA2
In order to facilitate the sequencing of the hsdRKvnA1 gene , subcloning was
performed. The plasmid pNLA2, the smallest of the four clones containing the /wdRKpnAI
gene was chosen. The plasmid DNA was isolated and digested with HindSl. The 3.3 kb
HincKR fragment (Fig. 17) was excised first from the gel, genecleaned and ligated to
//mJEH-linearized, dephosphorylated pUC18. The ligated DNA was electroporated into
competent M5alR cells (r'KpnAim+KPnAi)- The electroporated cells were plated out on
ampicillin plates and incubated overnight at 30°C to enhance the restriction activity of the
transformants. None of the 23 purified transformants was r+KpnAI and it was concluded that
the 3.3 kb fragment does not have the whole hsdRK?TlPA gene. For further use in DNA
sequencing, the same 3.3 kb fragment was electroporated into Exoli XL-1 Blue.
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Figure 17. Restriction map of the pNLA2 which contains the cloned restriction gene
hsdRKvnAJ in pBR322. Locations of restriction sites are indicated.
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The 4.5 kb insert (Fig. 17B) was double digested with HindHUSaH and the DNA
fragments were ligated to //m^ffl/Stf/I-linearized pUC18 and electroporated into
competent E. coli XL-1 Blue cells. Similarly, the 1.9 kb HindSUSali, 0.8 kb HindS\JSaIl
and the 0.7 kb SaWSali fragments were also subcloned (Fig. 17B) and used for
sequencing. None of these subcloned fragments expressed any restriction activity when
electroporated into r mutants. Since neither subcloned fragment had either end of the 4.5
kb clone, it can be said that the ends of this fragment are very important for its expression.

C. Nucleotide sequence determination
In order to study /zsdRKpnAI gene of strain M5al further, DNA sequencing was
performed by the dideoxynucleotide termination method (Sanger et al., 1977) using both
the manual sequencing and automated sequencing system from Applied Biosystems.
Taking advantage of the cloned genes (Lee, 1994) and various subclones I obtained, the
sequence was done first using universal primers of the vectors (pBR322 and pUC18) and
then synthetic oligonucleotides. The sequencing strategy is shown in Fig. 18. Both
strands of the 4.5 kb Sau^AUBamYLl fragment of pNLA2 were sequenced and various
regions were sequenced several times for confirmation. The nucleotide sequence in Fig. 19
was determined using Sequencher® and PC/Gene softwares. More than 60 open reading
frames (ORF) greater than 10 amino acid residues were found. No single ORF covered
the ends of the fragment.
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Figure 18. DNA squencing strategy of the hsdRKpaA1 region. Arrows indicate the direction
and approximate amount of sequence generated by each primer. Subcloned fragments are
indicated by the filled boxes. Enzyme abbreviations: HindUl (H), EcoRI (E), Pstl (P), and
Sail (S).
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Since most cloned type I and IH systems restriction endonuclease subunits are in
the range of about 3 kb (Wilson, 1991), only one ORF of 3,306 bp (1154-4459) was long
enough to be able to code for a polypeptide large enough for a restriction endonuclease
subunit. Since the entire region of the ORF is not covered in any of our four subcloned, it
is not surprising that the subcloned fragments did not express any restriction activity.
Interestingly enough, all other ORFs larger than 1000 bp overlapped the largest one and
have the same 3' end. Another incomplete ORF located upstream of the 3,306 bp ORF
may be part of hsdM or hsdS for the KpnAI R-M system (Fig. 20).
The PC/GENE program FSTNSCAN revealed that the nucleotide sequence of
2,000 bp portion of the ORF showed less than 50% identity to any R-M system DNA
sequence in the EMBL data bank of PC/GENE (Release 6.80, November 1994). When
this sequence was compared for similarity to other type I and IH R-M systems no scores
higher than 51% were obtained. Lee, (1994) had observed that identity is similar to what
you can observe even if these sequences were randomly selected. Therefore, it was
concluded that there is no significant similarity between the 2,000 bp portion of the ORF
to any other nucleotide sequence for restriction genes or other genes in the GenBank
database.
The same observations and conclusions were obtained when the program BLAST
(Altschul et al., 1990) was used, setting the parameters on default, 15 sequences were
chosen because of their higher scores but most of them where from protozoans such as
Plasmodium and Leishmania. Neither one belonged to the R-M systems.
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D. The polypeptide sequence
Based on the DNA sequence (Fig. 19) and using the first ATG as the initiation
codon, a putative polypeptide of 1012 amino acid residues was obtained using the
PC/GENE program TRANSLATION. This amino acid sequence (Fig. 19) showed a high
degree of homology with £c<9R124II, a type IC restriction enzyme, and the KpnBl
polypeptide (Fig. 21). Seven helicase motifs (Fig. 21) common to the type I and El
endonucleases were found (Gorbalenya and Koonin, 1991).

Figure 19. Nucleotide sequence of the 4.5 kb fragment (pNLA2) and the deduced amino acid sequence of the coding region of the
hsdRKpnAl gene. For restriction sites see Fig. 20.
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Figure 20. Graphical representation of selected restriction maps of the nucleotide
sequence . ORF, Open reading frame. Arrow indicates the direction of transcription.
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Figure 21. Alignment of the HsdR polypeptides of the KpnAI, KpnBI and EcoR124n systems using the CLUSTAL
program (PC/GENE) with a gap penalty of 10, open gap cost of 10. The regions (I, IA, H, m, IV, V and VI shadowed
are identified as the seven conserved regions characteristic of helicase superfamily II; capitalized letters designate highly
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DISCUSSION
PART I.
PFGE has established itself as a method of choice for mapping genomic DNA. It
has the advantage of resolving large DNA fragments. In analysing the 98 minute region of
S. typhimurium LT2, PFGE provided us a powerful tool because of the rarity of known
markers in that region and the absence of cloned genes from this region. The attempt to
use the method of chromosomal walking by a genomic plasmid library of overlapping
clones of the same 98 min region was tried but proved to be difficult and eventually was
abandoned. The difficulty was that screening of transformants was almost impossible in
E. coli because all the host cells containing the plasmid library hybridized positively to the
probe, a 365 kb Xbal fragment of S. typhimurium LT2 isolated from PFGE. This may be
due to the close similarity of Salmonella DNA (insert) and E. coli (recipient cells). An
alternative method to use a lambda library of S. typhimurium LT2 available in Dr. Ryu’s
laboratory looked promising judging from preliminary results but was put aside as well
because another large group had embarked on the same project (Kenneth Sanderson,
personal communication).
PFGE and TnlO insertions in the region made the restriction map possible and the
results obtained are in agreement with other studies of this region (Sanderson, 1995).
When this region is compared to the similar region in E. coli K-12 (i.e pyrQ to serB,
region located between 96.5-99.5 minutes) our study showed the same region is about 125
kb (Fig. 9) versus 145 kb in E. coli (Brachmann, 1990; Kohara, 1987). This indicates that
the region is roughly the same size in both E. coli and S. typhimurium contrary to the one
minute and half (72 kb) suggested in previous studies (Sanderson, 1988). Most gene
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locations were confirmed except for argl which was mapped on both sides of pyrB
(Fig. 9). Sanderson (personal communication) indicated that the strain used to map the
argl gene (SL5238) may have a problem due to TnlO moving from one place to another.
Even though this explanation cannot be proven at this time, it is not uncommon for a
transposon to move from one place to another. But such a move in this case would add
another 10 kb of DNA and another Xbal restriction site. Our data do not support that
evidence and TnlO has been characterised as one of the rare stable transposons (Kleckner,
1987). Thus another explanation such as strain difference still remain to be investigated.
Our results confirm the transduction frequency data (Tsai et al., 1989), an
indication that traditional mapping still has a role to play. The first indication that this
region may be bigger than suggested earlier was made based on these transduction data.
There is a constant need to compare the equivalent genomic regions of E. coli and
S. typhimurium to study their relatedness and diversity. Since their linkage maps have
long been recognized to be similar but not identical, it will be interesting to examine the
similarities and the differences when the S. typhimurium restriction map achieves the level
of that of E. coli. At this time, only a very small portion of the S. typhimurium genome
has a high-resolution restriction map comparable to E. coli (Wong et al., 1994) and
incidentally this region is only two minutes away from our region of study. It will be
interesting to see this region fine-tuned but in the meantime we can conclude that this
region, as many others in S. typhimurium, is very similar at least in size and gene
arrangement to that of E. coli, more so than previously thought. Since this region serves
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in E. coli as an immigration control (important for letting foreign DNA in) post, a natural
question is to see if the same genes are present in S. typhimurium.

PART II
The size of the chromosome of K. pneumoniae was previously estimated to be
between 3,300 and 4,600 kb (Herdman, 1985). The method used to arrive at this
estimation was renaturation kinetics. This figure differs from the size of 4, 600 kb
determined in this study using PFGE. Randriamahefa (1994) recently determined the size
of the K. pneumoniae M5al genome as 5,121 kb also by using PFGE. This discrepancy
between the estimates is not surprising for two major reasons. First, the size estimated
using renaturation kinetics has been in most cases smaller than estimates obtained by
PFGE because the renaturation kinetics method does not take into account the eventual
presence of multiple copies of some genes and is very sensitive to impurities in DNA
studied (Pyle et al., 1988, Alleman et al, 1993). Even the genome size proposed in this
study is an approximation. There is a small chance the genome size may be larger than I
have estimated because I have not ruled out completely the presence of doublets in some
bands even though the use of more than two restriction enzymes to determine the size of
the chromosome minimizes this possibility. In addition, small fragments may run off the
gel in PFGE or their bands may be too faint because of their molecular size to be
accurately assessed. We have observed that in some cases DNA hybridization has
revealed bands which were not obvious on photographs of ethidium bromide-stained gels
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(Fig. 6B). Another reason resides in the variation of strains used. It is expected that
strains will differ in genomic sizes but within species this variation usually is only 20%
(Drlica and Riley, 1990). Differences have even developed in originally identical strains of
E. coli W3110 that were maintained for years in different laboratories (Krawiec and Riley,
1990).
When determining the size of a fragment, the measure of the distance traveled by
the moving fragment was used. It is important to say that in some runs, the DNA
fragments in PFGE did not follow a straight line but a curved one. No method was used
to make a correction of this anomaly. Another source of minor discrepancy in fragment
sizes is that when measures are taken, I have tried in most cases to be consistent and
measure in the middle of the band. When the band is broad, this simple factor can add
about 5 to 10 kb per fragment. Some researchers take measures in the front of the band.
It is also known that the amount of DNA loaded into the well influences the migration of
the bands. So the overloading of either the bacterial DNA or the size standard DNA
samples can result in size discrepancies (Smith and Condemine, 1990).
Despite the fact that PFGE has been hailed as straightforward and the most
definitive technique presently used to estimate sizes of chromosomes (Smith et al., 1990)
we do know that DNA mobilities may be affected by the G+C content (Poddar et al..
1989; Pyle et al., 1988). Since K. pneumoniae GM236 is rich in G+C content (56%,
Schildkraut, et al., 1962) a G+C content bias may cause the fragment to move faster than
normal thus giving the impression that the fragment is smaller than its actual size. Further
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experiments such as the use of an ordered clone library to construct a detailed restriction
map are needed to confirm the genome size proposed.
The genome size determined for K. pneumoniae GM236 falls well in the range of
other bacterial genomes which vary widely from the 600 kb of Mycoplasma genitalium to
9,454 kb in Myxococcus xanthus (Krawiec and Riley, 1990). The size of K. pneumoniae
GM236 is very close to that of E.coli and S. typhimurium, also members of the
Enterobacteriaceae family. As a rule of thumb, a larger genome implies more functions
since more genetic materials are capable of coding more proteins. This reasoning justifies
the fact that obligate parasites such as Mycoplasma and Rickettsiella species have the
smallest genomes and that free living forms tend to have larger genomes because of
increased functions for survival. Thus, genome size reflects the level of physiological and
morphological complexities of the organism. But genome size alone may not be an
indication of either simplicity or complexity of an organism. It has been observed that for
instance Streptomyces mutants that have suffered large deletions often contain
amplifications that tend to preserve a characteristic genome (Drlica and Riley, 1990). The
argument given by Randriamahefa (1994) to justify the increase in genome size of
K. pneumoniae M5al over E. coli and S. typhimurium does not hold in the case of
GM236 because K. pneumoniae GM236 is very similar to K. pneumoniae M5al and most
characteristics such as pathogenicity, nitrogen fixation, capsular formation and the
utilization of citrate as a sole source of carbon are shared by both organisms. Despite this
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similarity, the genome of K. pneumoniae GM236 is about 500 kb smaller than the
genome of K. pneumoniae M5al.
Liu et ai, (1993) predicted that l-Ceul digests of different species of enteric
bacteria will be similar to one another and will permit the recognition of homologous parts
of the genome. This is true for K. pneumoniae GM236 except that l-Ceul digestion
yielded eight fragments instead of the seven found in E. coli and S. typhimurium and
several other gram-negative bacteria. This enzyme cleaves DNA at no sites other than the
rm operons. Recently, Majumder et al. (1996) found that l-Ceul cleaves Vibrio cholerae
569B and 0395 also in seven fragments. This indicates that V. cholerae has seven rm
operons. This supports the hypothesis that the locations and number of rm operons in
gram-negative bacteria are conserved. The case K. pneumoniae GM236 suggests that
there may have been a translocation of rm operon in one fragment. It would be
interesting to see if all K. pneumoniae strains have this translocation in that case it may be
characteristic of the species or if only the case studied is an exception. It is noteworthy to
say though that the fragment sizes are not comparable sizewise to those of
Enterobacteriacea.
The seven E. coli l-Ceul fragments sum to 4,626 kb (Table 8) about 180 kb less
than that of S. typhimurium and about 60 kb less than that of K. pneumoniae GM236.
These l-Ceul GM236 fragments can be assigned by size alone as homologous of a specific
band of E. coli or S. typhimurium except fragment C4 and C5, but when both fragment are
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Table 8. I-Owl restriction fragment sizes (kb) for E. coli K-12 W3110, S. typhimurium
LT2 and K. pneumoniae GM236.
Size (kb)
Fragment
name

K-12*

LT2*

GM236

Cl
C2
C3
C4
C5
C6

2460

2460
775

2400

700

670
530
130
92

550
145
92

Cl

44

44

4626

4806

740

C8
Total

* from Liu et al., 1993.

775
525
400

345
105
95
45
4690
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added up, the total size of 745 kb corresponds well to the 745 kb fragment of S.
typhimurium and somewhat to the 670 kb fragment of E. coli. In fact, the similarity of
homologous parts of genome generated by l-Ceul enzyme among enteric bacteria was
strong enough to allow me to orient the K. pneumoniae GM236 map according to E. coli
and S. typhimirium maps.
Most bacterial chromosomes so far studied are single and circular. There are few
exceptions to this rule. Rhodobacter sphaeroides, has two distinct circular chromosomes
(Suwanto and Kaplan, 1989), and Borrelia burgdorferi, a spirochete which is the Lyme
disease agent has a linear chromosome (Barbour and Garon, 1987; Ferdows and Barbour,
1989). Streptomyces lividans 66, a representative of the gram-positive actinomycetes, has
also a linear chromosome (Lin et al., 1993). The case of this bacteria is not unique and
the examination of six other Streptomyces species revealed evidence of linear
chromosomes in them, indicating that chromosomal linearity may be common in the
streptomycetes. Thus, the idea that chromosomal linearity is an monopoly of eukaryotes
is being challenged and the long-standing belief that bacteria have one circular
chromosome has been disproved (Lezhava et al., 1995). What may seem surprising
though, is that the chromosome of S. lividans appears to be able to exist, in viable
bacteria, as a linear or a circular molecule (Lin et al., 1993)
When undigested K. pneumoniae GM236 was submitted to PFGE (Lee, 1994;
Barton et al., 1995) the DNA remained mainly within the wells and did not migrate, a
behavior consistent with circular chromosomal DNA (Krause and Mawn, 1990). As far as
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the 150 kb plasmid in GM236 strain is concerned (Lee, 1994) further experiments
consisting in comparing some plasmid free strains of Klebsiella, isolating the plasmid, and
making its restriction map are needed to determine if the K. pneumoniae GM236 genome
size includes the 150 kb plasmid. Further characterization of this plasmid will shed some
light on its functions and will enable us to determine the exact size of the genome of the
bacterium. Randriamahefa (1994) suggested that once this plasmid is studied it can serve
in the typing of K. pneumoniae species, which at this moment is very difficult.
The macro-restriction map presented in this study was established through
reciprocal hybridization of Xbal, Blnl, and \-Ceul fragments. The fact that for each
hybridization had both positive and negative controls gives confidence in our methods.
This confirms the specificity of the method and shows how well each fragment used as
probe was free of contaminants. Each single isolated fragment used as a probe hybridized
with itself on the same blot. Some interpretation problems occured, however. As I have
indicated earlier, PFGE targets a certain area for maximum resolution and other areas in
that particular run are not so well resolved. In some cases when performing hybridization,
the hybridizing bands were found in these unresolved areas making the interpretation of
the results very difficult. Another problem was inherent to the sizes of the fragments
themselves. It was unusually difficult to resolve bands X7_8 and X9.n and bands B8/9. The
smallest bands were also in most cases unresolved.
The macro-restriction map of K. pneumoniae GM236 constructed here is
somewhat similar to the map of K. pneumoniae M5al using the same enzymes
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(Randriamahefa, 1994). This may seem surprising at first considering the genome size
difference of these two strains. When fragments are compared to each other it can be
observed that there is a conserved trend of homologous fragments hybridizing to each
other. For example, fragments Bj and

of M5al and fragments Bj and Xj of GM236.

The difference in size, however, is very common in bacterial genomes. For instance, there
is more genetic variation among strains of E. coli or even isolates of E. coli K-12 than one
might expect ( Krawiec and Riley, 1990). In one map region as many as 6 to 22
restriction sites differed between two K-12 strains (Daniels, 1990). This is because a
simple mutation involving a single base pair change is very common in bacteria and it may
cause differences in numbers and locations of restriction sites. Many more differences are
due to gene rearrangements, insertions, deletions, DNA methylation and recombinations.
However, the restriction map difference does not necessarily mean a change in gene
order. Liu et al, (1995), when studying gene rearrangements in S. typhi, have found that
many gene orders are conserved even when part of the chromosome is rearranged.
Similarly, Majumder et al., (1996) showed that despite that the genome size of
V. cholerae (3,200) is about 70% of the size of E. coli and Salmonella genomes, genes
controlling the vital metabolic fonctions are present and are located close to rm operons
as in E. coli (Bachmann, 1990).
It is well established that R-M systems can be located either on a plasmid or on the
chromosome. Previous work by Lee (1994) indicated that this hsdRK?Tim was located on a
40 kb Xbal fragment and a 322 kb Blnl fragment. This location is shown on the physical
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map (Fig. 16) and can be placed in the region of roughly 85 to 90 minute according to the
similarity with E. coli map. In contrast, hsdRKvnA1 isolated from K. pneumoniae M5al
(Valinluck et ai, 1989) was mapped on a 420 kb Blnl fragment (B6) and 25 kb Xbal
fragment (X19) of M5al. Further characterisation of the genomes of these two strains,
namely GM236 and M5al will help clarify the reason why KpnAI system is mapped
around the 20 minutes region of the chromosome whereas KpnBI system is on the
opposite side.

PART III.
The PC/GENE program FSTPSCAN was used to compare the putative protein
sequence with all sequences in the SWISS-PROT of PC/GENE (CDPROT29 released on
November 1994). The putative amino acid (Fig. 19) showed a high homology with
£cc>R124II and KpnBI polypeptide (Valinluck et ah, 1995). P align of PC/GENE
software was used to align £'coR124II, KpnBI and the putative protein (KpnAI).
After alignment of the three proteins, the seven helicase motifs common to the
type I and in endonucleases were found (Fig. 22). The helicase motifs in the HsdRKpnAI
peptide were located at the same relative positions (Fig. 23). These motifs (I, LA, II, m,
IV, V, and VI) are arranged in a similar way as those of other type I and HI systems,
except for the HsdRKpnBI, in which the order of motifs II and in is reversed. The
phylogenetic relationship between the HsdRKpnAI, and the HsdR 124II and HsdR KpnBI
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generated by the PC/GENE program 'CLUSTAL' is closer than the one between the
hsdRjQ and the hsdR^ (Fig. 22).
However, the relationship is farther than the one between the HsdR^ and the
HsdREI, which are of the same family (type IB). These data indicate that the putative
polypeptide encoded by the hsdRKvnA1 gene contains characteristics consistent with type IC
family of the R-M system.

o

Figure 22. Alignment of the HsdR polypeptides of the KpnAI, KpnBI and EcoR124II systems using the CLUSTAL program
(PC/GENE) with a gap penalty of 10, open gap cost of 10. The regions (I, LA, n, m, IV, V and VI shadowed are identified as the
seven conserved regions characteristic of helicase superfamily II; capitalized letters designate highly conserved and lower case letters
partially conserved residues in the family of proteins. Plus signs designate conserved hydrophobic residues.
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KpnBI • RHNQYFGVTATK---------------PFIQRN---------EGGIIMTOGSGKSLTMVWLAKWI--RENITDSRVLIITDRTELDEDI------------EKVFNGVEEEILRTR 330
124II :MRP--YQIAATERILWKIKSSFTAKNWSKPE^QYIWHTfSSQKTLTSFKAARLA--TELDFlDK:VFFWDFKOLDY(QT----------- MKEYQRFSPDSVNGS 3 61

I
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++++Deah
++++tat
479
KpnAI -TSRDDLREKLAGRNSGGVFLTTIHKFTEDTELLSGRSNIICIS&fiMlRSQWLDQKVIVDKESGRWKT-YG-FAKYLYDSLPQATYVGFTGfrM
KpnBI: -SGADLVARL-NQTKPWLICSLVHKFGRQEEDDKDADTDDFIEQMKRNIPADFSQRGNYSCLWMSATETQSGKLHSAMTSILPDAQFIQFTG'TFLMKKD- 427
12411 • ENTAGLKRNL - DKDDNK11VTTIQKLNNLMKAE SD--------------------- LPV-YNQQWF—IPDECHRSQFGEAQKNLKKKFKRYYQFQFTSTFIFPENA 444
II
III
II
+++ f t
KpnAI------DATMEVFGNIVDSYTMTESVQDEITVRIVYEGRAAKVILDTRKLEEVEKYYEECANAGTNEWQIDESKKASATMNAimDDBRLE&LAEDFAKHYEK 576
KpnBI: --KKKSVEVFGPYIHTYKFBEAVNDGWLDLRYEARDIDQRV- -KSQKKVDQWFDA-KTSKLSRLGQQQLKQKWASM^IaL-SRSRLEQIVADILLDFEQ 521
124II: LGSETTASVFGRELHSYVITDAIRDEKVLKFKVDYNDVRPQF--KSLET--------ET-DEKKLSAAENQQ--------------- AFL~HFMRXQEITQYILNNFRQ 526
IV
II
KpnAI • RVNEG - STVKG - KAMFVC AS RE IDWDF YRQLK----------------- DFRPEWVEVK------- QAPDDVELTEQEEKELPPSEMVKM------ VMTRGKDDHAKLYEL
KpnBI: KPR--LADGRG-NAMLVCSSVYQACKCYEMFS--EAGFAGKCA--------- IVTSY------------QPNVSEIKGEESGEGLTEKLAKYNIYRKMLAEY
FEQ
124II:KTHRTFPGSKGFNAMLAVSSVDAAKAYYATFKRLQEEAANKSATYKPLRIATIFSFAANEEQNAIGEISDETFDTSAMDSSAK-EFLDAAIREYNSHFKT
+ a-H + + ++
__ a+GR+ar
KpnAI ■ LGS--------- KEYRKELDKQFKNAKSNFKIAIWl^lWLTGFOVFEL^Ti^IDKPI^KHNLigTISRVNRKLEG-KSKGLWDYIGIKRQMNQALAMYSRID

655
600
625
748

KpnBI •PEAEAAKRVSDFEKEVKQRFIKEPGQMRLLIWDRLL’T^F^VPSATYLYlDKKMABH^IiFQAICRWRLDGEDKEYGYIVDYKDLFRSLEKTVQDYTAE- 699
124II:NFSTDSNGFQNYYRDLAQR-VKNQ-DIDLLIW^IFLTGFDARTLNTLFVDKNLRYHGLM^AFSRT»RIYDATKTFGNIVTFRDLERSTIDAITLFGDKN 723

V

VI

KpnAI -ATN----------FEDIQQSVIEVKNHL--DLLAQVLHDFDSRPYFSGEPQAQLACLNQAAEFVMRTQKTERRFMGLVKRLKAAYDICSGSESLSQAERDHIHF 840
KpnBI-------------- AFDGYDK---- EDVAGLLKDRLQQAKIDLDGA---------------------- L-DAVRTLCEPVKMPRNQLDYQHYFCGESG-ASIEQLSEKEALR-LTL 772
124II • TKNWLEKSYTEYMEGFTDAATGEAKRGFMTWSELEQR---------------------- FPDPTSIESEKEKKDFVKL-FGEYLRAENILQNYDEFATLKALQQIDL 809
KpnAI: YIAVRSIVFKLTKGDAPDVTQMNARVREMIADALKADGVEELFFLGDKKAESIDIFDEDYLARINKIKLPATKIQLLQKLLEKAISDFKKVNQLQGINFT 940
KpnBI • YOSVAKLIRAF-TNLAGELT--DAGYSEQQANQIRID--VEFY---- TKVRDEIKIASGDF-----VDMKQFEPGMRQMLDL-WVDADPS-ETLMDFEELGL- 858
12411-SDPVA--VEKF-KA-EHYVD--DEKFAELQTIRLPADRKIQDY---- RSAYNDIR------ DW------ QRREKEAEKKEKSTTDWDDWFE-VDLLKSQEINLD 891
KpnAI • RRFQSIMDKYNERREDDVLNGEEFDSFSQEMTDIIYDIKTEMGTYAEMGIDIE------EKAFYDILAHMRDKYQFTYEDDKMLALAKEMKAWDNTSKYPDl 036
KpnBI: --LELIIER--GEEALDGLPADMRGNQEAMAEAIENNVRRTIVD--ENPVNPKYYEKMSVLLDELIALRRQQAISYQE--YLEHVRELAKQVKHPQSGSK 950
124II-YILGLIFEH--NRQN------------- KGKGE-MIEEVKRLIRSSLGNRAKEGLWDFIQQTN--LDDL------ PDKASIIDA--FFT------ FAQREQQREAEAL 968
KpnAI:WSKRDDIKAKLKVELILLLHKHKFPPVANDDVYMGVLAQAENFKAEHHNIMINF--SQFSNHNTKIKL 1102
KpnBI:STYPASIDTLAKKALFDNLGQDEVLVTKIDAAVRHT-KKADWYGDRFKEREISFVSRKRSKVIQ------ 1013
124II:IKEENLNEDAAKRYIRTSLKRE--YATENGTELNETLPKLSPLNPQYKTKKQA-VFRKSSRLLRSLKA 1033
u>

132

Figure 23. Relative positions of the conserved motifs of helicase (A) and dendogram (B) of
the HsdR subunits of type I and HI R-M systems. A. The seven motifs are numbered from
I to VI. B. Horizontal branch lengths are drawn to scale for discrepancy between the
phylogenetic relationships of the HsdR subunits. Vertical separation is for the similarity of
the hsdR subunits.
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